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ABSTRACT

IN HOT WATER: THERMAL ACCLIMATION IS INSUFFICIENT
TO SAVE CORALS IN THE ANTHROPOCENE

Harmony Alise Martell
Old Dominion University, 2019

Co-Directors: Dr. Holly D. Gaff
Dr. Richard C. Zimmerman

Scleractinian corals are animal partners in exquisite symbioses with a suite of algal,
microbial, fungal and viral associates comprising miniature ecosystems collectively referred to as
a holobiont. In recent decades, ocean warming has jeopardized the delicate balance of the very
symbioses that have enabled coral survival. Thermal stress causes a reduction of algal
symbionts, a phenomenon referred to as ‘coral bleaching’ that represents dysbiosis in the
holobiont and often leads to mortality. Current thermal acclimation theory states variation and
gradual increases in temperature can ameliorate thermal stress. Indeed, there is evidence some
coral species have some capacity to acclimatize to thermally variable environments, increased
temperature, or both, leading to enhanced thermal tolerance. However, disadvantages to thermal
plasticity have been identified for several coral species, suggesting acclimation may not always
be beneficial. In order to better understand coral thermal acclimation, this dissertation
investigated the short-term acclimatization potential of two foundational reef species to natural
thermal variability, compared thermal performance with acute and cumulative exposures in the
absence of acclimation, and explored the potential of corals to acquire thermal tolerance. The
studies presented here put the thermal stress response in a dose context to enable cross-
experiment comparisons. Corals under gradual stress showed physiological plasticity on the part
of the animal, but any benefits appeared to be limited by the algal partner. Acquired thermal

tolerance may reduce bleaching in the short term, but whether acquired tolerance can increase



recovery from bleaching requires investigation. Further, no signs of acclimatization to thermal
microhabitat variability were detected in a seven-month period, and any small benefits of
repeated thermal stress appeared to be short-lived. Hence, despite the adherence of coral
respiration to the standing theory, there is overwhelming evidence that thermal acclimation,
acclimatization and acquired thermal tolerance are insufficient to enable coral survival in the
coming century. The majority of Scleractinian corals will not survive the pace of climate
change, dictating the dire need for the restoration of the global carbon balance and other

substantial human interventions.
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INTRODUCTION

Coral reefs are among the most important ecosystems in the world (Costanza et al. 1997).
Their high biodiversity (Knowlton et al. 2010) and productivity (Odum and Odum 1955) support
more than one quarter of all commercially-important fish species and more than one third of all
marine species (Knowlton et al. 2010, Fisher et al. 2015), providing food to billions of people
(Cesar et al. 2003). Coral reefs form barriers that effectively dissipate wave energy, prevent
coastal erosion and provide shore protection (Ferrario et al. 2014, Hernandez-Delgado 2015).
Their ecosystem services generate billions of dollars, sustaining human livelihoods (Moberg and
Folke 1999). Scleractinian corals have survived at least three extinction events since their
appearance during the late Triassic Period (Stanley and Swart 1995, Lathuiliere and Marchal
2009, Stanley et al. 2018), and their hermatypic role as geomorphic agents is estimated to have
appeared in the last 25 million years (Falkowski and Knoll 2007). However, despite their long
geologic age and great importance to humans, anthropogenic pressures of recent years, most
notably climate change, severely threaten the persistence of coral reef ecosystems (Hoegh-

Guldberg et al. 2007).

THE CORAL-ALGAL SYMBIOSIS

Hermatypic corals are animals that have evolved to rely upon endosymbiotic
dinoflagellates belonging to the family Symbiodiniaceae (LaJeunesse et al. 2018a) for much of
their energy requirements (Muscatine and Cernichiari 1969, Pearse and Muscatine 1971, Stanley

and van de Schootbrugge 2009). This host-algal partnership, combined with a suite of associated



microbes and fungi (Rohwer et al. 2002), is referred to as a holobiont, wherein the colony
behaves as an ecological unit (KnowlIton and Rohwer 2003, Bosch and Miller 2016a). Under
optimal conditions, corals provide their algae with protection, and the nutrients and substrate for
photosynthesis (Muscatine and Cernichiari 1969, Steen and Muscatine 1987). In turn, algae
provide the host with high energy reduced carbon (Muscatine and Cernichiari 1969, Crossland et
al. 1980, Crossland 1987, Jackson et al. 1989, Jackson and Yellowlees 1990, Harland et al. 1992,
Grottoli et al. 2006, Burriesci et al. 2012) that enables high productivity (Goreau 1959) and
enhanced calcification (Pearse and Muscatine 1971, Gladfelter 1983).

Coral reefs typically occur in tropical, oligotrophic waters too deficient in plankton to
support growth from heterotrophy alone (Muscatine and Porter 1977, Fournier 2013). Thus, the
coral animal depends on the photosynthetically-fixed carbon translocated from its symbiotic
algae to meet its metabolic demands, enabling reef accretion (Pearse and Muscatine 1971,
Muscatine and Porter 1977, Muscatine et al. 1981, Glynn 1996). Healthy corals are necessary
for the maintenance of healthy, productive reefs (Hughes 1994a, Hughes and Connell 1999,
Hughes et al. 2003), and coral reef resiliency depends upon the health of individual corals
(Hughes et al. 2003).

The amount of photosynthetically-derived nutrients provided to the host depends upon
the light harvesting capability of the symbiont as well as nutrient availability. Light quality and
quantity impact photosynthesis (Brunelle et al. 2007, Sorek and Levy 2012). In order to
optimize photosynthesis under fluctuating conditions, algae possess photoacclimatory
capabilities, such as alteration of the amount of chlorophyll or number and size of photosynthetic
units in response to irradiance (Porter et al. 1984, Iglesias-Prieto and Trench 1994, Hennige et al.

2009). The algae are nutrient limited in hospite (Cook and Delia 1987, Hoegh-Guldberg and



Smith 1989, Jackson et al. 1989, Jackson and Yellowlees 1990, Lesser et al. 1994, Davy and
Cook 2001, Koop et al. 2001, Davy et al. 2006), and their growth is regulated by the host (Smith
and Hughes 1999) via control of mitotic division (Wilkerson et al. 1988, Jones and Yellowlees
1997) and host modulation of the in hospite light regime (Brunelle et al. 2007, Wang et al. 2008).
Studies have estimated 40 to 95% of carbon fixed by the algae is translocated to the host
(Muscatine et al. 1981, 1984, Porter et al. 1984, Dubinsky et al. 1990). The nutrient
contributions from algae to host are dynamic (Leletkin 2000), varying as a function of the
environment (Anthony et al. 2007), and between individuals, as well as species, of both partners
(Warner et al. 1996, Stat et al. 2006, Abrego et al. 2008, Stat and Gates 2011, Baker et al. 2015).
Coral-algal associations exist along a continuum of symbiosis, ranging from mutualistic to
parasitic, which makes understanding their relationship all the more complex (Lesser et al.
2013). Regardless, such a large contribution by the algae to the holobiont energy budget makes

an intact symbiosis critical for coral fitness and survival.

CORAL BLEACHING

Holobiont symbiosis represents a delicate balance in community composition and
function. When the holobiont becomes stressed, community composition can be drastically
altered. This phenomenon is referred to as dysbiosis (Douglas 2003, Petersen and Round 2014).
Holobiont dysbiosis due to stress in one or multiple partners can lead to the loss of algae (Glynn
1984), their photosynthetic pigments (McDougall et al. 2006), or both (Brown 1997). In severe
cases, loss can be so great that the coral appears white, which has given rise to the term ‘coral

bleaching’ (Glynn 1984).



Stress in general, and bleaching in particular, have been linked to reduced coral growth
rates, inability to repair damaged tissue, and increased disease susceptibility (Brown 1997,
Douglas 2003). If the stressful conditions are not promptly alleviated, bleaching leads to
mortality (Glynn 1993, 1996), reducing reef biodiversity (Connell 1978, Connell et al. 2004).
Coral skeletons are quickly bioeroded (Reaka-Kudla et al. 1996), and without their structure,
there is loss of ecosystem function (Glynn 1993).

The “oxidative theory of coral bleaching’ suggested by Lesser (2006) posits bleaching is
initiated when algae become photoinhibited under radiative and/or thermal stress (Mydlarz et al.
2010, Hoogenboom et al. 2012, Downs et al. 2013). This renders the Photosystem Il (PSII) light
harvesting complex unable to efficiently transfer the absorbed energy (Hoogenboom et al. 2012).
Reactive oxygen species (ROS) accumulate in the photosynthetic machinery (Downs et al.
2013), creating the potential for cellular damage and eliciting a stress response within the
chloroplasts and the citric acid cycle of the algae (Hillyer et al. 2016). In an attempt to mitigate
damage from ROS, the host mounts an immune response (Weis 2008). This can lead to a
reduction in algal density via several pathways, including autophagy (Brown et al. 2002a),
apoptosis (Dunn et al. 2004), degradation (Weis 2008), and necrosis (Dunn et al. 2004).
Declines in membrane lipids and reduced turnover of light harvesting complex structural D1 and
D2 proteins also occur (Warner et al. 1996, 1999, Tchernov et al. 2004), leading to
photodamage, a reduction of chlorophyll, and ultimately a net reduction in photosynthesis.
Fluorescence-based photochemical efficiency decreases with increased temperature (Warner et
al. 1996), putting more reliance upon non-photochemical quenching to manage excess energy.
With reduced photosynthetic capacity, a deficit in holobiont metabolism occurs. As

temperatures increase, respiration demands in both the host and algae increase, while ratios of



gross photosynthesis to respiration decrease (Coles and Jokiel 1977). Thermal stress in concert

with ultraviolet radiation often leads to even more devastating effects (Lesser and Farrell 2004).

THERMAL STRESS AND MASS CORAL BLEACHING

The effect of temperature on corals has long been studied (Edmondson 1928). Coral
thermal stress has been examined in the animal, across life history stages from larvae (Polato et
al. 2010, Schnitzler et al. 2011) to adult corals (Coles and Jokiel 1977, Porter et al. 1984, Hoegh-
Guldberg et al. 2007), and in the algae, both in hospite (Gates et al. 1992, Ainsworth et al. 2008)
and in vitro (Dove et al. 2006). Thermal stress often leads to coral bleaching (Glynn 1996,
Douglas 2003). Increases in the rate, magnitude and duration of warming make bleaching more
severe (Hoegh-Guldberg 1999a). Consequently, thermal stress has been implicated as the
predominant cause of global-scale coral bleaching events (Hughes 1994a, 1994b), referred to as
‘mass bleaching.’

Mass bleaching events have increased in frequency and severity in recent decades (Glynn
and D’Croz 1990, Hoegh-Guldberg et al. 2007, Heron et al. 2016, Hughes et al. 2017, Eakin et
al. 2018, 2019). Such events are caused by prolonged periods of sea surface temperatures greater
than 1°C beyond local maxima (Hoegh-Guldberg 2006), often driven by EI Nifio-Southern
Oscillation (Glynn and D’Croz 1990). The 2014-2017 Global-Scale Coral Bleaching Event was
the longest, most severe event in history (Eakin 2019, Heron et al. 2016, Hughes et al. 2017),
causing mortality worldwide. For example, more than one third of the live coral cover on the
Great Barrier Reef was lost (Hughes et al. 2017). There is no doubt that climate change
implications for reefs are severe (Frieler et al. 2012), yet a growing body of evidence suggests

corals may possess mechanisms to persist in the face of a changing ocean environment.



THERMAL TOLERANCE MECHANISMS

Coral thermal tolerance is the ability of corals to withstand large deviations from mean
monthly sea surface temperature (Hoegh-Guldberg et al. 2007). Coral resiliency to climate
change is largely based on coral thermal tolerance. Coral thermal tolerance limits are governed
by standing genetic diversity (Barshis et al. 2013, Palumbi et al. 2014) and the mechanisms of
acclimatization (Dunn et al. 2004, Castillo and Helmuth 2005, Haslun et al. 2011 Oliver and
Palumbi 2011, Bellantuono et al. 2012a, b, Edmunds 2014) and local adaptation (Barshis et al.
2010, Kenkel et al. 2012, Kenkel and Matz 2016). The genotypes of the host and algal partners
can influence thermal tolerance (Barshis et al. 2013, Berkelmans and Willis 1999). Recent
research has sought to understand the capacity for corals to persist by: (1) acclimatization,
whereby an organism adjusts its phenotype in response to the environment, or (2) local
adaptation, wherein corals historically subjected to warmer temperatures become inherently
more thermally tolerant by natural selection over generations (reviewed in Coles and Brown
2003, Barshis 2014). Current thermal adaptation theory states that variability and gradual
increases in temperature can ameliorate thermal stress (Angilletta 2009). However, recent
unprecedented mass bleaching events suggest rates of warming may outpace the ability of corals
to persist, challenging this theory. Therefore, the scope of coral thermal tolerance limits must be
quantified.

Corals may have the ability to acclimatize to non-lethal thermal stress, a concept referred
to as acquired thermal tolerance (Brown et al. 2002a, 2014, Coles and Brown 2003, Middlebrook
et al. 2008, Brown and Cossins 2011, Haslun et al. 2011, Bellantuono et al. 2012a). There is
evidence that a particular type of acquired thermal tolerance, coral stress memory, contributes to

overall thermal tolerance of individual corals (e.g., Brown et al. 2002a, 2002b, 2014,



Middlebrook et al. 2008). While stress memory has been well-characterized in a variety of taxa
(Feder 1999, Guan et al. 2012, Walter et al. 2013, Arts et al. 2016, Dominguez-Andrés et al.

2019), it has not been explored for corals. The purpose of this dissertation was to investigate the
thermal tolerance mechanisms of acclimatization and acquired thermal tolerance in scleractinian

corals.

RESEARCH AIMS

The overall aim of this dissertation was to better understand the capacity of corals to
acclimatize and persist with thermal stress based on current thermal adaptation theory. There
were three main objectives:

(1) To test the acclimatization potential of two dominant massive coral species, Porites
lobata and Goniastrea retiformis, to differing thermal variability and thermal magnitudes.
Corals were moved to three sites with known differences in thermal variability and magnitude,
where both species naturally occur. To account for possible confounding factors of thermal
tolerance, all coral colonies were sourced from a single site of moderate thermal variability to
control for local adaptation, and symbiont communities were characterized before and after the
incubation period. Bleaching resistance was measured before and after seven-month incubations
in the three sites.

(2) To examine thermal performance of Acropora cervicornis in acute heat shock and
cumulative warming exposures, in the absence of acclimation, to determine whether gradual
warming could ameliorate thermal stress. Thermal stress doses on par with a tidal cycle in a
highly variable nearshore environment were applied (as identified in Objective 1), and holobiont

respiration, gross photosynthesis, and photochemical efficiency were measured.



(3) To investigate the potential for acquired coral stress memory in Acropora cervicornis,
by characterizing bleaching resistance in a standardized bleaching exposure both with and
without pre-exposure to a sublethal dose of stress.

All experiments were intentionally conducted on short term timescales, due to the rapid
and labile nature of current warming trends (Belkin 2009; Lima and Wethey 2012), and thermal
stress doses were calculated to incorporate the magnitude and duration into a single value (i.e.,

degrees heating days, ° C days), making exposures comparable and ecologically relevant.



NO FREE LUNCH: BEATING THE HEAT

COMES AT A COST FOR SOME CORALS

INTRODUCTION

Coral bleaching, the dysbiosis of coral host and symbiotic dinoflagellate, threatens the
health of reefs worldwide (Hoegh-Guldberg et al. 2007, Hernandez-Delgado 2015) and
potentiates downstream impacts on ocean health, human culture, and economics (Hughes 1993,
1994a, Brown 1997, Moberg and Folke 1999, Cesar et al. 2003, Ferrario et al. 2014). Mass coral
bleaching is the wide-scale bleaching across species, reefs and seas globally (Glynn 1984). In
the past few decades, anthropogenic ocean warming has led to an increase in the frequency and
severity of mass bleaching events (Hughes et al. 2017). The main culprit of mass bleaching
appears to involve several weeks of exposure to water temperatures at least 1° C above local
mean monthly maxima (Lesser and Farrell 2004, Hoegh-Guldberg 2006).

The increased magnitude and frequency of global-scale bleaching events (Heron et al.
2016) suggests that hermatypic scleractinians will be unable to keep pace with the changing
climate (Barshis 2014). Sea surface temperature (SST) observations and predictions suggest
severe coral bleaching will occur annually in multiple locations within the next 20-50 years (van
Hooidonk et al. 2016), making coral recovery in those areas impossible without intervention
(National Academies of Sciences 2018). Some corals have the ability to withstand large
deviations from mean monthly SST (Hoegh-Guldberg et al. 2007), referred to as thermal
tolerance (Brown and Cossins 2011, Barshis 2014). Symbiont-host associations, and two
important mechanisms, physiological acclimatization and local adaptation via natural selection,

contribute to thermal tolerance. Like all organisms, it is possible all coral species possess these
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mechanisms, albeit to varying degrees. Yet, there are limitations to even the most thermally
tolerant corals (e.g., Coles and Riegl 2013); it is unlikely corals will persist via any single
mechanism alone (van Hooidonk et al. 2016, National Academies of Sciences 2018). Therefore,
to predict coral survival accurately, each factor that governs coral thermal tolerance must be
considered.

Physiological acclimatization, the alteration of individual coral phenotypes in response to
the environment, has been examined in the context of thermal tolerance. Corals have exhibited
increased bleaching resistance (e.g., enhanced symbiont retention, antioxidant enzyme and heat
shock protein abundances, and Photosystem Il recovery potential) on portions of coral colonies
previously exposed to high irradiance while the unstressed sides bleached (Brown et al. 2002a,
2002b). Some coral species, such as Pocillopra eydouxi, have displayed increased growth rates
after being transplanted into warmer, more thermally variable environments (Smith et al. 2008),
supporting the beneficial acclimation hypothesis (BAH), wherein “hotter is better” (Leroi et al.
1994, Edmunds 2014). Acclimatory responses such as these provide evidence that corals can
improve their physiological performance in response to stress (reviewed in Coles and Brown
2003).

Both the host (Parkinson et al. 2015) and algal symbiont (Baker 2003, Baskett et al. 2009,
Putnam et al. 2012) partners contribute to coral thermal tolerance; thus, to assess changes in
thermal tolerance, identification of symbiont types is required. Certain algal types can bestow
bleaching resistance to thermal stress (Baker 2004, Berkelmans and van Oppen 2006, Baker et
al. 2008, Jones and Berkelmans 2010). For example, a common Pacific Cladocopium species,
C15, has been attributed to the enhanced thermal tolerance of poritid corals (LaJeunesse et al.

2003). Symbionts belonging to the genus Durusdinium are considered tolerant opportunists (Stat
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and Gates 2011, LaJeunesse et al. 2014, Hume et al. 2015), and Durusdinium spp. are often
abundant on reefs that experience frequent local stressors (Mieog et al. 2007, Jones and
Berkelmans 2010, Stat and Gates 2011). Yet, the same symbiont types in different locations can
vary in thermal tolerance (Hume et al. 2013), suggesting that species-specific interactions
between host and symbiont, and not just the symbionts are responsible for enhanced thermal
tolerance (LaJeunesse et al. 2004, Abrego et al. 2008). Symbiont shuffling, a change in relative
abundance of phylotypes following a stress event (Baker 2003, Jones et al. 2008, LaJeunesse et
al. 2009, Cunning et al. 2015, Reich et al. 2017), and switching, wherein novel phylotypes are
taken up from the environment (Baker 2001, Boulotte et al. 2016), can also occur, leading to
changes in bleaching resistance.

There is also evidence that differential survival of thermo-tolerant individuals may result
in local populations with increased thermal tolerance (i.e., local adaptation; Howells et al. 2012,
Kenkel et al. 2012, Matz et al. 2018). Corals have been reported living at extreme temperatures
in places around the world (Gardiner 1903, Vaughan 1914, Orr and Moorhouse 1933, Coles et al.
1976, Tomascik 1997, Craig et al. 2001), and those that routinely experience warmer water
conditions or higher thermal variability (e.g., nearshore versus offshore and backreef versus
forereef) often have increased thermal tolerance (Barshis et al. 2010, Kenkel et al. 2012). Their
persistence in extreme thermal environments is a strong indication that the genetic material for
survival is present in at least some corals, thus, to quantify thermal tolerance, local adaptation
must be considered.

The islands of Ofu and Olosega, American Samoa provide naturally variable
microhabitats that have been used to study thermal tolerance and acclimatization in hermatypic

corals (Smith et al. 2007, 2008, Barshis et al. 2010, 2013, Palumbi et al. 2014, Bay and Palumbi



12

2015, Thomas et al. 2018). Corals moved to more thermally variable backreef pools from less
variable sites have shown increased growth rates (Smith et al. 2007, 2008), higher protein levels
(Barshis et al. 2010, 2018), and retention of pigments and symbionts in heat shock assays (Oliver
and Palumbi 2011, Palumbi et al. 2014). Differences in the bleaching resistance of corals on Ofu
Island have been related to symbiont species associations (Oliver and Palumbi 2009), differences
in gene expression (Barshis et al. 2013), and thermal stress exposures (Bay and Palumbi 2015),
revealing potential physiological mechanisms of acclimatization (Palumbi et al. 2014) that can
act on short (daily to weekly) and/or long (monthly to yearly) timescales (Bay and Palumbi
2015).

The backreef lagoons of Ofu Island host at least 85 species of scleractinians (Craig et al.
2001). Many studies on Ofu Island have focused on bleaching resistance mechanisms in the fast-
growing, branching species Acropora hyacinthus (reviewed by Thomas et al. 2018). Relatively
less is known about the bleaching resistance of the slow-growing, massive species on Ofu and
Olosega Islands. Two such massive species, Porites lobata and Goniastrea retiformis, are
important reef-builders that are abundant on the shallow reefs of Ofu and Olosega Islands (Craig
et al. 2001) and across the Pacific (Polato et al. 2010, DeVantier et al. 2014). Building on the
existing work done in the region, acclimatization was examined in these long-lived, robust corals
after relocation from a native thermal microhabitat characterized by moderate temperature
variability to sites of high and low thermal variability. To assess coral thermal tolerance, donor
and transplanted coral colonies were screened for changes in symbiont associations and
measured four metrics of bleaching resistance before and after a seven-month acclimatization
period. In this study, acclimatization was identified when a significant difference in the same

direction was observed for at least two bleaching metrics.
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MATERIALS AND METHODS

Field Sampling

A common garden transplantation experiment was conducted in the National Park of
American Samoa on Ofu and Olosega Islands, Manu’a, American Samoa (14° 11'S, 169° 36' W,
Figure 1). To simplify comparisons with previous studies, the site and naming convention
defined by Craig et al. (2001) were employed here. The high (HV) and moderate variability
(MV) sites lie in the backreef lagoon on the south coast of Ofu Island and form isolated pools
during low tide, that routinely see austral summer water temperatures that range from 32° C to
35° C, and daily fluctuations of 6° C (Smith and Birkeland, 2007). In contrast, the low
variability site (LV) is 3 km away, on the west side of Olosega Island, adjacent to a narrow
channel separating the two islands, which leads to higher flow rates and thus a similar mean, but

more stable temperature (Morikawa and Palumbi 2019).

In late June of 2015, approximately 40 nubbins (i.e., coral cores) of G. retiformis (=5
colonies) and P. lobata (n = 5 colonies) were cut from parent coral colonies growing in the
moderate variability (MV) site using a 2.5 cm diameter hole-saw attached to a pneumatic drill
and SCUBA tank. Nubbins were glued to a 2.5 cm hex-head nylon screw with marine epoxy and
labeled with a plastic tag. The buoyant weight (g) of each nubbin was measured by placing it on

a platform submerged in seawater and attached to a balance (Davies 1989). Nubbins were
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1 km Google 2016

Figure 1. Ofu (left) and Olosega Islands (right), Manu’a, American Samoa (image downloaded
from Google Earth, 2016). The highly variable (HV, red) and moderately variable (MV, orange)
sites are located in Toaga Lagoon (inset) on the south side of Ofu Island (photograph taken from
an airplane by the author). The low variability (LV, blue) site is on the west side of Olosega
Island adjacent to a narrow channel separating the islands.
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parent colonies

Figure 2. A cartoon of the transplantation experiment. Colors represent parent colonies. Large
circles are parent colonies; small circles are coral nubbins. Nubbins native to the MV site were
transplanted into the low variability (LV), moderate variability (MV), and high variability (HV)
sites. Coral bleaching resistance was tested once before and five times after seven months of
acclimatization.

affixed to 50 x 38 cm grids of egg crate material with nylon wingnuts, and all grids were
returned to the donor MV site to heal after coring.

One week after nubbins were collected, one set of populated grids each were transplanted
from the donor MV site into the LV, MV, and HV sites. Both species naturally occur in all three
sites. Approximately 38 nubbins were placed on each set of grids so that a total of 12 nubbins of
each parent colony (n =5 colonies per species) were represented at each site (Figure 2). At the

LV site, grids were attached to U-bolts with cable ties to two concrete slabs placed in the sand
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(Figure 3a). Atthe MV and HYV sites, grids were secured to re-bar that was hammered into
concrete portions of the reef (Figure 3b). The depth of all grids was 1.25 to 1.5 m at mean low
tide. Temperature loggers were attached to grids in each site to record in-situ temperature every
12 minutes (the greatest sampling rate without battery changes) for the duration of the
acclimatization period.

Parrotfish predation had removed live tissues from P. lobata nubbins at the LV site ten
days after coring, so twelve additional nubbins were cored, weighed and photographed from each
of the same P. lobata parent colonies. These nubbins were transferred to the LV site and caged
for two weeks to prevent further predation during healing. The delayed start of this treatment

was accounted for in growth rate measurements.

Symbiont Genotyping

Symbiont ITS2 types were identified, and relative abundances (%) were compared in
parent colonies between seasons, between parent colonies and nubbins within the MV site, and
between sites after the acclimatization period to compare Symbiodiniaceae community
composition. Samples of parent colonies were obtained in July 2015 and January 2016 (n = 20
samples). No nubbin tissue samples were taken for symbiont genotyping in 2015, as it was
assumed replicate nubbins taken from the same general area of a parent colony harbored the
same symbiont types and proportions as the parent colony. In January 2016, tissue samples were
obtained from nubbins in the LV and MV sites (n = 1 nubbin per colony x 10 colonies x 2 sites =
20 samples). Inthe HV site, nubbins of both species were lost due to Cyclone Victor and
mortality, leaving only three P. lobata nubbins and one G. retiformis nubbin available for tissue

sampling (n = 1 nubbin per colony x 4 colonies = 4 samples).
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Figure 3. P. lobata and G. retiformis coral nubbins on grids secured by cable ties to rebar at the
transplant sites. (a) A profile view of grids at the LV site on a concrete slab. (b) A plane view of
a grid at the HV site attached to rebar hammered into the reef. Grids in the MV site were

secured as in b (not shown).

Tissue sampling & DNA extraction

A small chip of coral tissue and skeleton (~1 to 4 g) was cut with a clean razor blade
from each parent colony or nubbin and immediately placed in a vial containing 1% sodium
dodecyl sulfate (SDS) in a DNA Buffer solution (0.4 M NaCl + 0.05 M EDTA in MilliQ water).
Genomic DNA was extracted (Cunning et al. 2015) and agarose gel electrophoresis was used to
confirm the presence of high molecular weight genomic DNA from each extraction. The
absorbance of each sample was measured on a Nanodrop spectrometer to ensure adequate DNA

concentration (> 100 ng uL"1) and quality (Azso2s0 > 1.8).
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Target Amplification & Barcoding

The ITS2 region of symbiont DNA was amplified using polymerase chain reaction (PCR)
to identify Symbiodiniaceae 1TS2 strains in each sample. Briefly, standard PCR reactions were
subjected to between 15 and 36 cycles of the following thermal profile: 95° C for 45 min | 95° C
for 40 s (melting), 59° C for 2 min (annealing), 72° C for 1 min (extension) | 72° C for 7 min.

To avoid overamplification, all samples were amplified until a faint band was detected (checking
every 2-5 cycles), then PCR products were cleaned using the ExoSAP-IT PCR Product Cleanup
kit following the manufacturer’s protocol (Affymetrix™ product no. 78200/01/02/05/50).

Hybrid barcoded primers were added to the ITS2 region of each sample using four cycles of the
same thermal profile as above to enable multiplexing. The hybrid barcoded primers consisted of
Illumina (Nextera) Primers (forward = AATGATACGGCGACCAC; reverse =
CAAGCAGAAGACGGCATAC) + unique sequences (n = 8 forward and 6 reverse) plus a
barcode sequence (forward = AGTCAA, reverse = GCTCTA) + an adapter sequence (forward =
TCGTCGGCAGCGTC; reverse = GTCTCGGTCCGG). After barcoding, samples were run on a
single gel to confirm an increase in size consistent with successful barcoding. All barcoded

samples were pooled and sequenced in a single lane on an Illumina MiSeq.

Heat Shock Experiments

Nubbins of both species were assessed for bleaching resistance six times via standardized
heat shock experiments. The first experiments were performed in July 2015 after nubbins had
been transferred into the LV (12 days), MV (22 days), and HV sites (22 days). In January 2016,
five additional, independent heat shock experiments were conducted after the seven-month

acclimatization period in the LV, MV, or HV sites (183 to 211 days). The morning of each



19

experiment, two nubbins from each colony were collected from each site and brought to the lab
in bins filled with seawater. Fleshy and crustose coralline algae were gently removed from the
epoxy base of each nubbin with a wire brush on a rotary tool. All nubbins were weighed and
photographed. One nubbin of each colony from each site was assigned to either the control or
heat tank, so that paired nubbins were split between treatment tanks.

Each tank system was comprised of an experimental tank and sump tank constructed
from 25 L insulated coolers and outfitted with an Arduino-based temperature control box (Figure
4). Circulation between the experimental and sump tanks were driven by a 450 W pump and a
gravity return. Each experimental tank had a set of 6 white LED lamps and a diffuser that
supplied 450 to 500 umol photons s* m-2 from 0700 h to 1800 h after local sunrise and sunset.
Flow-through seawater was supplied at a rate of 7.2 L h* to all experimental tanks from a large,
common seawater reservoir, and the addition of water to the system was balanced by outflow
through the sump overflow. All experimental systems were filled with fresh seawater and
allowed to stabilize to a temperature of 28° C (mean local field seawater temperature) before
nubbins were introduced.

Each heat shock experiment began at noon each day (0 h) and ended at 1000 (22 h) the
following morning. The control temperature remained at 28° C while corals in the heated tanks
were subjected to a temperature increase from 28° C to Tmax over 3 h, held at Tmax for 3 h, then
returned to 28° C within 6 h and held at 28° C overnight (Figure 5). Preliminary experiments
were conducted at a series of temperatures to determine the Tmax that would result in ~50%
bleaching of corals at the conclusion of the 22 h experiment for each species (G. retiformis Tmax
= 36° C; P. lobata Tmax = 36.5° C, D. Barshis, unpubl.). During the 2016 experiments, in-tank

measurements of dark-adapted photochemical efficiency of photosystem Il (Fv/Fwm) were taken in
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Figure 4. A diagram of a tank system used in heat shock experiments. Each system included an
experimental tank and sump tank with flow through seawater, a 6-LED light array, and a
temperature controller (not shown) that powered two Peltier chillers and a submersible titanium
heater. Three tank systems in the lab on Ofu Island are pictured in the photograph taken by the

author (right).
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Figure 5. The temperature time-course of a standard heat shock experiment; control tanks were
28° C, while corals in the heat tanks were subjected to an increase in temperature from 28° C to
Twmax (3 h), held at Tmax for 3 h, and then cooled to 28° C overnight (~ 6 h). All corals were
removed at 22 h. The dotted black lines are the set temperatures of the control (28° C) and heat
tank (Tmax = 36.5° C). The blue and red lines are actual tank temperatures measured
continuously via loggers in the experimental tanks.
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triplicate and averaged for each coral at 0 h (12:00) and 21 h (09:00) the following morning with
a pulse amplitude modulation chlorophyll fluorometer (Heinz Walz GmbH). At the conclusion
of each experiment (22 h), all nubbins were wrapped in foil and frozen at -20° C until they were

processed (3 to 21 days).

Frozen coral processing

Coral nubbins were thawed at room temperature. Tissue was removed from the skeleton
using an airbrush gun (~100 psi) and seawater, collected in a tube, and homogenized with an
electric homogenizer for at least 30 s on ice in the dark to prevent chlorophyll degradation. In
July 2015, the homogenate volumes of all samples were recorded, and an aliquot of homogenate
was fixed in zinc-formaldehyde solution (Z-fix) for cell counting via flow cytometry. The
remaining homogenate was used to determine chlorophyll concentration as described below.
Sample volumes in 2016 were much larger, thus the homogenate was spun down at 5000 x g for
2 minutes, and the pellet was resuspended in a standard volume with artificial sterile seawater
measured by refractometer (salinity = 35 PSS-78, Lewis 1980) and preserved with formaldehyde
(1% final concentration). Processed coral skeletons were dried at 55° C for at least 24 h and
weighed. Surface area of each nubbin was determined by the wax method (Stimson 1991).
Briefly, nubbins were weighed on a balance before and after being dipped in hot wax (65° C),

then the weight of the wax was used to determine surface area based on a standard curve.

Symbiont Density

Preserved aliquots for cell counting were push filtered through a 35 um mesh to remove

large non-algal particles and stored at 4° C until cells were counted on a BD FACS Aria Il cell
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counter and sorter. Fluorescent green (488/510nm) and red (570/600nm) flow cytometry beads
were added to each sample immediately prior to counting (Thermo Scientific™ FC7 Cyto-Cal™
Count Control, Catalog #09-980-698, 7um microspheres). All nine fluorescence channels were
examined in pairwise scatterplots to determine the parameter combination that provided the best
differentiation of the symbiont cell population. Cells were gated on size and chlorophyll
autofluorescence using the Per CP-A vs. PE-A channels for samples and APC-A vs. PE-Texas
Red channels for beads. Two heated and two control samples were randomly selected and sorted
with the BD FACS Aria Il for examination under the microscope to confirm the counted cells
were the target of interest. A single gating was applied to all samples, and symbiont cell counts
were adjusted by the fraction of beads counted in each sample to calculate the final cell
concentration. Sample concentrations were multiplied by aliquot dilution factor and scaled to

total sample volume. Final cell concentrations were normalized to coral surface area.

Total Chlorophyll

The remaining homogenate was centrifuged at 5000 x g for 10 minutes, and the pellet
was resuspended in a known volume of 90% acetone, sonicated for 20 s on ice in the dark and
extracted for 24 h at -20° C. Samples were centrifuged at 5000 x g for at least 1 min, and the
extract absorbance was measured with an STS VIS spectrometer and BluLoop lamp (Ocean
Optics). Resulting spectra were blank corrected for the absorbance of 90% acetone, and the
difference in mean absorbance between 715 to 725 nm was subtracted from absorbance at every
wavelength from 400 to 725 nm to account for any residual turbidity. Chlorophyll a and c2
concentrations were calculated using the spectrophotometric equations for Cnidarian

dinoflagellates (Jeffrey and Haxo 1968), normalized to surface area (cm?), summed to give total
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chlorophyll (Chl), and expressed as ug cm2. Chl per algal symbiont cell was also calculated for

each sample by dividing the Chl by the cell density and expressed as pg Chl cell2.

Analyses

Analyses were performed in Matlab 2017aand R v. 3.5.1. Sea surface temperature data
were retrieved from NOAA’s Coral Reef Watch program to obtain the mean monthly maximum
sea surface temperature of Ofu Island in January 2016 (NOAA Coral Reef Watch 2017a).
Temperature data from each site were obtained from HOBO loggers (Onset Corp.), and the
thermal stress at each site was quantified as degree heating days (DHD), by taking the sum of the
magnitude and duration of temperatures > 30° C from the preceding 84 days (12 weeks) over the
seven-month transplant period. The temperature series at each site were analyzed with fast
Fourier transform (FFT). Briefly, Fourier transform was used to decompose the time function of
the temperature series into frequencies represented by a sum of sine waves of different periods,
in order to identify the dominant periods in the series at each site. Periodograms of the variance
in the component frequencies as a function of time (i.e., power spectra) were constructed. The
peaks were examined to compare patterns and identify the drivers of thermal stress at each site.

Growth rate (% month) was calculated for each nubbin as the difference in buoyant
weight (initial minus final weight, g), normalized by the initial buoyant weight (g) x 100 and the
time (months) between weight measurements. Growth rates did not meet assumptions for
normality (Shapiro-Wilk test) or equal variances (Bartlett’s test), thus a non-parametric Kruskal
Wallis (KW) test was performed to compare January 2016 growth rates between sites for each

species (P. lobata: n =51, 50, 48; G. retiformis: n = 50, 50, 37 in the LV, MV, and HV sites,
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respectively). When a significant difference in growth rates was found, a Dunnett’s post hoc test
was performed with the MV site as the control.

Reaction norms (i.e., ratios of heated to control nubbins) were calculated, which gave the
symbiont density, Chl cm, and Chl cell* retention of every colony pair from each of the three
sites in all heat shock experiments. Retention was calculated to make these results comparable to
previous work done on Ofu Island (Palumbi et al. 2014). Fv/Fwm retention was calculated for
each individual coral, as the ratio of the final Fv/Fwm at 21 h (after the heat shock exposure) to the
initial Fv/Fm at 0 h (prior to heat shock), which gave AFv/Fm. Bleaching responses were non-
normal; thus, non-parametric KW tests were performed for all bleaching resistance ratios to test
for differences among sites. If significant differences were noted, a Dunnett’s post hoc test was
performed to compare other sites to the control (MV) site. Initial “pre-incubation” bleaching
resistance ratios obtained in July 2015 were tested for differences between each site, to
determine whether the nubbins transplanted to each site began with the same bleaching
resistance. Seasonal patterns in coral bleaching resistance have been observed (Berkelmans and
Willis 1999); thus, to identify a seasonal shift in bleaching resistance, bleaching resistance ratios
from July 2015 were compared to the mean ratios from MV nubbins of all five post-
acclimatization experiments in January 2016. Finally, post-acclimatization bleaching resistance
ratios from January 2016 were compared to identify phenotypic shifts in bleaching resistance as
a result of moving corals into the HV or LV site. Chl and Fv/Fu changes can occur on the order
of hours to weeks (Fitt et al. 2000; Warner and Berry-Lowe 2006; Winters et al. 2009); thus,
acclimatization was identified only when a significant difference in the same direction was

observed for at least two bleaching metrics.
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Symbiont Community Composition

Algal symbiont species were identified using the sequences of ITS-2 nrDNA. Hybrid
primer sequences (including the degenerate adapter and barcode bases) were identified and
removed from all sequences using regex at the command line. Resulting ITS2 sequences free of
hybrid primers were screened for quality scores using the Illumina threshold (Q>33), and low-
quality reads were discarded at the command line. Quality profiles were plotted for all samples,
and sequence lengths were trimmed at 240 base pairs (bp) for forward reads and 160 bp for
reverse reads using the DADAZ2 pipeline v. 1.8 in R (Callahan et al. 2016). Error rates were
examined, identical sequences were de-replicated, and the core algorithm was applied to infer
samples. One sample, a Goniastrea retiformis parent colony from 2015, had low read count
(samples HAHO08, n = 7 reads), and thus was removed from remaining analyses. Paired-end
reads were merged, and 1 chimera was detected in a single sample (HAH41) and removed,
resulting in 26 unique operational taxonomic units (OTUSs). ITS-2 sequence lengths were
between 252 and 318 bp, but most OTUs were 300 bp in length.

A maximum likelihood phylogeny was constructed using the MUSCLE algorithm
(Qiagen Aarhus A/S) in CLC Genomics Workbench v 9.5.2. The optimal phylogeny model type
(HKY) was determined using jModelTest v2.1.1 (Guindon and Gascuel 2003, Darriba et al.
2012), from a Symbiodiniaceae database containing 435 unique sequence variants (Franklin et al.
2012) and the OTUs from this study. OTUs on the same tree nodes were compared to the top
BLASTn hits from two separate BLAST results: (1) NCBI’s nr database and (2) a custom
Symbiodiniaceae database derived from Arif et al. (2014). Any OTUs with the same top BLAST
hit that were less than 0.003 apart in node distance and differed by < 5 bp were assumed to be

intragenomic variants and collapsed. The tree was reconstructed, and the top BLASTN hits from
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both databases were compared to identify symbiont genera and types. Consensus occurred when
there was agreement of genus and type from both database top hits. When there was not
consensus between top database hits, the custom Symbiodiniaceae database that provided the
highest type resolution was always preferred over genus level classification based on the NCBI
nr hit.

Relative abundances of sub-clade symbiont types were visualized in R v 3.5.1 using the
ampvis2 package (Andersen et al. 2018), following the most recent revision of the family into
Symbiodiniaecae genera (LaJeunesse et al. 2018). It was assumed rare Symbiodiniaecae types
(< 0.05 %) would not amount to any differences in bleaching resistance in this study; thus, they
were removed from remaining analyses. Bray Curtis Indices were calculated, and
PERMANOVAs were used to identify significant differences in symbiont community

composition.

RESULTS

Temperature

In situ temperature series revealed increasing thermal variability in the MV and HV sites
with the progression of the austral summer, and temperature maxima were greatest in the HV site
and the least in the MV site (Figure 6), confirming previously characterized differences in site
variability. The mean monthly maximum SST of Ofu Island was 29° C in January 2016 (NOAA
Coral Reef Watch 2017a). Thus, DHD were calculated based on the local threshold for bleaching
(30° C), and there was a significant gradient in thermal stress dose across the three sites (Figure

7). Corals were transplanted to each site in July 2015 of the austral winter, before the onset of
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the summer period of thermal stress (Figure 7). Thermal stress values greater than zero were
detected in mid-October, 88 to 100 days after transplanting. However, site thermal stress began
to diverge as the austral spring progressed, with sites representing a gradient of thermal stress
doses by the summer (Figure 7). The LV site had negligible thermal stress and the fewest DHD
for the seven-month duration, while the MV and HV sites had moderate and high thermal stress,
respectively (Figure 7).

Fast Fourier transform (FFT) periodograms revealed that all three sites shared a
predominant peak at 1 d, and smaller common signals at 15 d and 17 d (Figure 8). A closer look
revealed that peaks were present at 23.98 h for all three sites, but differed in magnitude,
indicating that solar insolation was the primary driver for warming at all sites (Figures 9, 10). A
series of smaller peaks were observed at 8 h, 12 h, and between 24.3 hand 25.9 h (Figure 9).
The 12 h peak is likely a harmonic of the major peak at 23.98 h (Figure 9). There were also
smaller signals with the same period around 24 h that differed in magnitude, such as the 24.68 h
feature (Figure 10). These smaller signals around 24 h were likely reflections of tidal
oscillations, as the tidal cycle in American Samoa oscillates between 24 h 30 min and 24 h 45
min. Variance in peaks occurred at 9 d, 26 d, 30 d and 42 d, with peak height differences

occurring between the LV and the more variable sites.

Growth

The growth rates of both coral species moved to the HV site were significantly lower
than growth rates in the MV or LV sites (Figure 11, Table 1a, b). P. lobata growth rates were
1.58 % month higher in the LV site and 1.22 % month lower in the HV site, compared to the

native MV site (Table 1b). There was no difference in growth of G. retiformis between the LV
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and MV sites, but both groups grew 1 % month-* faster than G. retiformis nubbins placed at the
HV site. There was no significant effect of time or the interaction of site x time on growth rates

for either species (Table 1a). In addition to reduced growth, endolithic, encrusting and turf algae

growth was observed on several P. lobata nubbins in the HV site (Figure 12).

Bleaching Resistance Ratios

There were no significant between site differences in initial bleaching resistance for
either coral species in July 2015, < 22 days after transplantation (Figure 13, Table 2). As such,
July 2015 retention ratios of all three sites were averaged to represent the baseline bleaching
resistance at the start of the acclimation period, and mean 2015 bleaching resistance ratios were
used in further analyses. There were no significant changes in bleaching resistance of MV corals
from July 2015 to January 2016 in either species (Figure 14, Table 3). In January 2016,
significant differences in bleaching resistance ratios were detected in P. lobata, but not G.
retiformis, across sites after the seven-month acclimatization period (Figure 15, 16, Table 4a).
However, post hoc comparisons of P. lobata bleaching resistance ratios revealed only one
significant difference (for Fv/Fwm) between the native MV site (i.e., control site) and any
transplant site (Table 4b); thus, significant differences in bleaching resistance ratios were due to
differences between HV and LV corals. P. lobata from the LV site experienced greater
reductions in Fv/Fm compared to those from the MV in heat shock experiments (p = 0.008),

indicating the LV corals were more subject to bleaching.
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Figure 6. The 7-month temperature series of three sites on Ofu and Olosega Islands, American
Samoa. The black dotted line is the local bleaching threshold in January 2016 (NOAA Coral
Reef Watch 2017a).
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Figure 7. The thermal stress dose for three sites in the Manu’a Islands, American Samoa,

expressed as the 84-day (12-week) rolling average of degrees heating days (DHD, ° C days) for
over a 7-month incubation period.
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Figure 8. Fast Fourier transform periodograms of the power spectra (i.e., the variance in DHD)
at each site over days.
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Figure 9. Fast Fourier transform periodograms of the power spectra (i.e., the variance in DHD)
at each site from the first 48 hours.
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Figure 11. Growth rates (% month) of Porites lobata and Goniastrea retiformis nubbins
grown for seven months in sites of low (LV), moderate (MV) and high (HV) thermal variability
on Ofu and Olosega Islands, AS. Thick horizontal bars are median growth rates, thin horizontal
lines are quartiles, whiskers are 2 standard errors, and points are outliers.
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Table 1. (a) Results of the Kruskal Wallis test for differences between sites and timepoints on
growth rates (% month™) of Porites lobata and Goniastrea retiformis corals moved into three
thermal microhabitats. 2 is the critical value of chi-squared, df is degrees of freedom, p is the p-
value (o <0.05). (b) Dunnett’s post hoc comparisons to the control (MV) site, with the estimated
difference, lower and upper confidence intervals (Cl, 2 standard errors) and p-values.

a. Species Effect X2 df p
Porites lobata Site 23.37 2 8.43E-6
Time 1.99 4 0.74
Goniastrea retiformis Site 1859 2 9.21E-5
Time 1.25 4 0.87
b.
Species Comparison Difference Lower CI  Upper CI p
Porites lobata LV - MV 1.580 0.46 2.70 0.004
HV - MV -1.215 -2.35 -0.08 0.034
Goniastrea retiformis | LV - MV -0.184 -0.67 0.30 0.605
HV - MV -1.033 -1.56 -0.51 4.00E-5
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Figure 12. Photographs comparing Porites lobata coral nubbins in the HV (a), MV (b), and LV
(c) sites after a seven-month acclimatization period.
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Figure 13. Bleaching resistance ratios, expressed as ratios of heated:control nubbins, to give
total Chl cm?, symbiont density, and Chl cell* comparing resistance of Porites lobata (top
panel) and Goniastrea retiformis (bottom panel) between sites at the start of the acclimatization
period (July 2015). Thick horizontal bars are median growth rates, thin horizontal lines are
quartiles, whiskers are 2 standard errors, and points are outliers.
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Figure 14. Bleaching resistance ratios expressed as ratios of heated:control nubbins to give total
Chl cm?, symbiont density, and Chl cell* comparing resistance of Porites lobata (top panel) and
Goniastrea retiformis (bottom panel) between seasons (July 2015 and January 2016) in the donor
MV site. Thick horizontal bars are median growth rates, thin horizontal lines are quartiles,
whiskers are 2 standard errors, and points are outliers.
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Table 2. Kruskal Wallis results of bleaching resistance ratios between sites after < 22 days in
each site in July 2015. x2 is the critical value of chi-squared, df is degrees of freedom, p is the p-
value (o <0.05).

Species Bleaching Resistance Ratio X df p
Porites lobata Chl cm 0.245 2 0.885
Symbiont density 1.940 2 0.379
Chl cell* 1.860 2 0.395
Goniastrea retiformis Chl cm? 0.956 2 0.620
Symbiont density 1.143 2 0.565
Chl cell* 1.143 2 0.565

Table 3. Kruskal Wallis results comparing bleaching resistance ratios between MV site corals in
July 2015 and January 2016. y?2 is the critical value of chi-squared, df is degrees of freedom, p is
the p-value (a <0.05).

Species Bleaching Resistance Ratio X2 df p
Porites lobata Chl cm? 0.002 1 0.967
Symbiont density 1.581 1 0.209
Chl cell! 1.799 1 0.180
Goniastrea retiformis | Chl cm? 0.724 1 0.395
Symbiont density 0.141 1 0.708
Chl cell! 0.391 1 0.532
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Symbiont Community Composition

There were 26 unique sequences that passed QA/QC in all samples. Initial sequence
alignment revealed that OTU #26 was identical to OTU #2 from 1 to 298 bp but had 20
additional bp on the end. OTU #26 accounted for a single read present in only one sample where
OTU #2 was abundant. OTU #2 was also abundant in several other samples. It appeared OTU
#26 was the result of PCR or sequencing error, thus the single read was consolidated with the
read counts in OTU #2, and the errant sequence was discarded.

The initial phylogenetic tree of 25 OTUs was collapsed to 14 unique OTUs (Figures 17,
18) on four nodes excluding the outgroups. All top hits were greater than 98% matches to both
the NCBI nr and Symbiodiniaceae databases (Table 5). Hits from both databases agreed at the
genus level but did not always have type consensus (Table 6). Of the 14 OTUs, 11 were
Cladocopium species (formerly Clade C), and there was one type from the Symbiodinium
(formerly Clade A), Durusdinium (formerly Clade D), and Fugacium (formerly Clade F) genera.
Four hits had genus and type consensus from both databases (Cladocopium species C15, C3 and
C91). NCBI nr BLAST results either did not specify types or were less specific than the custom
Symbiodiniaceae database; thus the remaining 21 OTUs were identified using the
Symbiodiniaceae database.

No significant changes in symbiont composition were detected in parent colonies
between seasons (Figure 19), among parent colonies and coral nubbins in the MV site (Figure
20), or between corals in all sites in 2016 (Figure 21) for either coral species (Table 7). All
samples of P. lobata were consistently dominated by Cladocopium C15. Cladocopium types
C40, C3, and C115 made up the majority of the read abundance from G. retiformis. The

remaining 10 types identified were <1 % in relative read abundance.
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Figure 15. Bleaching resistance ratios expressed as ratios of heated:control nubbins to give total
Chl cm2, symbiont density, and Chl cell* comparing resistance of Porites lobata between sites
after a 7-month acclimatization period (January 2016). Thick horizontal bars are median growth
rates, thin horizontal lines are quartiles, whiskers are 2 standard errors, and points are outliers.
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Figure 16. Bleaching resistance ratios expressed as ratios of heated:control nubbins to give total
Chl cm2, symbiont density, and Chl cell* comparing resistance of Goniastrea retiformis
between sites after a 7-month acclimatization period (January 2016). Thick horizontal bars are
median growth rates, thin horizontal lines are quartiles, whiskers are 2 standard errors, and points
are outliers.



Table 4. (a) Kruskal Wallis results of bleaching resistance in January 2016 for Porites lobata,
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Goniastrea retiformis. x?2 is the critical value of chi-squared, df is degrees of freedom, p is the p-
value (o <0.05). (b) A Dunnett’s post hoc comparison between the native MV site and

transplant sites, with the estimated difference, lower and upper confidence intervals (CI, 2

standard errors) and p-values.

a. Species Bleaching Resistance Ratio x> df p
Porites lobata Chl cm 7.149 2 0.028
Symbiont density 13.390 2 0.001
Chl cellt 6.030 2 0.049
AFVIFm 7.384 2 0.025
Goniastrea retiformis | Chl cm 1.726 2 0.422
Symbiont density 0.712 2 0.701
Chl cell 1.800 2 0.407
AFV/Fum 5733 2 0.057
b.
Bleaching Ratio  Comparison Difference Lower CI  Upper CI p
Chl cm LV - MV -0.224 -0.485 0.036  0.101
HV - MV 0.010 -0.253 0.273  0.995
Symbiont density LV - MV -0.243 -0.529 0.043  0.106
HV - MV 0.116 -0.173 0.405  0.567
Chl cell? LV - MV -0.089 -0.563 0.385  0.878
HV - MV -0.383 -0.861 0.096 0.134
AFv/Fum LV - MV -0.112 -0.196 -0.027 0.008
HV - MV -0.036 -0.122 0.049  0.532
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Porites lobata Goniastrea retiformis
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Figure 19. A heat map comparing relative abundances (%) of symbiont genera in parent colonies
sampled across season in July 2015 and January 2016 from the MV site. Percent composition is
given in each box, colors correspond to read abundace. Presented genera are based on the most
recent taxonomic conventions (LaJeunesse et al. 2018b).
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Figure 20. A heat map comparing relative abundances (%) of symbiont genera between parent
colonites and nubbins in the MV site. Of note, background levels of D17 were detected in 2
nubbins in the MV site in 2016, but were not detected in parents in 2015 or 2016.
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Figure 21. A heat map comparing relative abundances (%) of symbiont genera across sites in
January 2016. Samples here include both parent and nubbins sampled in 2016.
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Table 7. PERMANOVAs were conducted to determine differences in symbiont community
composition between 2015 and 2016 parent colony samples, between parent colonies and
nubbins in the MV site, and between sites after a seven-month acclimatization period. Degrees
of freedom (df), sum of squares (SS), mean sum of squares (MS), F statistic (F), coefficient of
variation (R?), and p-value (p) are given.

Porites lobata

Source df SS MS F R? p
Parent Colonies x Season | 1  0.026 0.026 0.272 0.033 0.699
Residuals | 8 0.770 0.096 0.967
Total | 9 0.797 1
MV Parents — Nubbins | 1~ 0.111 0.111 2.266 0.221 0.174
8
9
2

Residuals 0.391 0.049 0.78
Total 0.501 1
Nubbins x Site 0.125 0.063 1.139 0.186 0.330
Residuals | 10 0.549 0.054 0.8145
Total | 12 0.674 1
Goniastrea retiformis

Parent Colonies x Season | 1  0.034 0.034 0.327 0.045 0.693
Residuals | 7 0.737 0.105 0.955
Total | 8 0.772 1
MV Parents — Nubbins | 1 0.030 0.030 0.287 0.035 0.716
Residuals | 8 0.840 0.105 0.965
Total | 9 0.870 1
Nubbins x Site | 2 0.074 0.037 0.305 0.071 0.906
Residuals | 8 0.971 0.121 0.929
Total | 10 1.045 1
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DiscussiON

The temperature series from the LV, MV, and HV sites represented a gradient of thermal
variability, as in previous studies on Ofu Island (Craig et al. 2001, Smith et al. 2007, Thomas et
al. 2018). However, this is the first study to describe each site in a thermal stress dose context
(i.e., DHD) and to determine that solar insolation was driving the warming in all three sites,
despite differences in site volume and isolation from the ocean. The differences in peak
magnitudes across sites can be related to physical differences among the sites. The LV site is
situated in an exposed area on the west side of Olosega Island, adjacent to a channel between
Ofu and Olosega Islands, with large volumes of water moving past the site; thus the temperature
was relatively stable from July 2015 to January 2016. In contrast, the MV and HV sites are
backreef tidepools on the south side of Ofu Island that become isolated from the ocean at low
tide, making them vulnerable to daytime heating. The HV site is most strongly affected by tidal
isolation and concomitant reduced water flow (Smith and Birkeland 2007), as it has roughly 1.8
times less volume than the MV pool (pers. obs). Thus, peak magnitude differences at 23.98 h
were likely related to the volume of water being heated. Because the LV site is not isolated at
low tide, the reduced or absent signals in the LV site were likely related to mixing and currents.
FFT peak magnitudes consistently decreased from HV to LV sites. Peaks at 15 and 17 days may
be related to variations in local weather patterns characteristic of the tropics, such as variable
cloud cover and rain, as well as tidal strength driven by the lunar phase.

This is the first study to report G. retiformis growth rates on Ofu and Olosega Islands,
however several studies have examined P. lobata in the region. HV P. lobata corals have been
found to have higher calcification rates but lower skeletal densities compared to LV corals, and

no differences in growth rates were found between the MV and HV sites in an 18-month
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reciprocal transplant experiment (Smith et al. 2007, 2008). Contra to these findings, in this study
P. lobata growth rates increased with decreasing thermal stress in each site. This disparity may
be due to differences in transplant duration or thermal stress; perhaps DHD between the MV and
HV sites in 2004-2006 were less pronounced than that of this study. In the HV site, both species
of massive corals had significantly reduced growth rates, and nubbins appeared to be less able to
compete with turf, crustose coralline, and endolithic algae, suggesting they were less healthy.
Parrotfish predation on P. lobata, though not on G. retiformis, was observed at the LV site. Itis
possible other stressors that were not measured, such as predation, contributed to the reduced
growth and health at the HV site during the acclimatization period. However, given that both
species had reduced growth, predation may not explain lower growth rates for G. retiformis.
Based on the criteria established a priori for acclimatization in this study, neither species
acclimatized to novel thermal microhabitats. Heat shock experiments revealed that P. lobata
AFv/Fw retention was highest in the MV site and lowest in the LV site, indicating the algae in
LV nubbins may have de-acclimatized and become more sensitive to bleaching. LV site
symbiont and chlorophyll retention was reduced by > 20% compared to corals in the native MV
site. While not significantly different, this reduction could indicate LV site P. lobata corals had
begun to reallocate energy to growth rather than bleaching resistance after seven months in more
stable temperatures. There was no significant difference in seasonal bleaching resistance in
either species. Few studies have examined seasonal changes in thermal tolerance (Fitt et al.
2001, Scheufen et al. 2017); thus, future work should be aimed at understanding seasonal
modulation of thermal tolerance. It is also possible that seven months was insufficient time for

detectable acclimatization to occur in these slow-growing species. This is unlikely, however, as
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turnover rates in both algal and coral cells are on the order of weeks to months (Davy et al.
2012), and well within the acclimatization period used in this study.

The lack of acclimatization to warmer temperatures in both species found here contrasts
with experiments performed on Acropora hyacinthus in the exact same sites on Ofu Island using
the same style of standardized heat shock experiments (Barshis et al. 2013, Palumbi et al. 2014).
A. hyacinthus experiments found increased bleaching resistance (determined solely by
chlorophyll retention ratios) when corals were moved into the HV site (Palumbi et al. 2014). In
addition, baseline expression of thermal stress genes was more pronounced in A. hyacinthus
corals from the HV site compared to the MV population, leading the authors to conclude
expression level differences in response to the higher thermal stress dose at the HV site gave HV
corals higher bleaching resistance than their MV counterparts (Barshis et al. 2013). No
phenotypic evidence was found in this study to support enhanced bleaching resistance for these
two massive species, underscoring that predicting the future of many coral species requires
consideration of different survival strategies.

The aforementioned studies estimated bleaching resistance by a single bleaching proxy,
Chl retention (reviewed in Thomas et al. 2018). Using multiple bleaching proxies, specifically
symbiont density and Chl cell, provided more insight into the bleaching response in the current
study. Inaddition, Chl was extracted without sonication or disruption of the algal theca in
previous studies (Palumbi et al. 2014). Dinoflagellates have a tough theca that can withstand
repeated freezing and thawing (pers. obs.); mechanical disruption is necessary to get accurate
measurements of chlorophyll. Such sample processing/handling protocols should be

standardized to enable comparisons between studies.
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Several studies of different thermal stress exposures have found that heat shock and
acclimation to gradual stress elicit markedly different responses in the transcriptome, proteome,
metabolome, and cellular biology of corals and the Cnidarian model Exaiptasia pallida (Oakley
et al. 2017, Hawkins and Warner 2017, Hillyer et al. 2016, Bay and Palumbi 2015, Gibbin et al.
2018). Given the different physiological responses of Cnidarians in response to thermal
exposure, perhaps more fine-scale metrics such as a metabolic thermal performance curves (e.g.,
Padfield et al. 2017) may be more appropriate to reveal shifts in bleaching resistance. While
application of acute heat shock provides a method for rapid, repeatable assessment, heat shock
experiments may reduce any ecologically-relevant signal of interest. The bleaching experiments
in this study used a thermal stress dose that was on par with a daily dose of thermal stress from
the HV site; however, the warming rate (2.5° C h'!) and maximum temperatures (36 to 36.5° C)
were greater than those seen in the 2016 austral summer on Ofu Island (1° C h't and 35° C,
respectively). Thus, when designing thermal bleaching experiments, dose and rate should be
considered.

There were no changes detected in core symbiont genera among parent colonies in 2015
and any parent colonies or replicate nubbins from any site in 2016. Further, there were no
differences in core symbiont taxa between corals moved to different sites. A previous study
found no differences in symbiont species composition with reciprocal transplants of P. lobata
between the LV and HV sites (Smith et al. 2007); similiarly, the symbiont communities in this
study were stable in both species. Durusdinium spp. (formerly Clade D Symbiodinium)
symbionts have been linked to thermal resistance (Baker 2004, Berkelmans and van Oppen
2006), and thermally resistant symbionts from this genus have been detected in the HV and MV

sites, previously (Oliver and Palumbi 2009, 2011, Barshis et al. 2013). A Durusdinium sp.
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(formerly Symbiodinium type D17, LaJeunesse et al. 2018) was only detected in two G.
retiformis nubbins in the MV pool in January 2016 (Figures 20, 21). The thermal tolerance of
Porites species has been attributed to its association with C15 (LaJeunesse et al. 2003). Indeed,
the thermally tolerant Cladocopium spp. C15 was the most abundant type, and the association
remained stable across all P. lobata corals in this study.

Evidence for acclimatization was not found in this study. Further, the reduced growth
rates of both species indicate that moving corals into the more thermally variable environment
has a fitness cost. While other species on Ofu Island have shown enhanced growth and
bleaching resistance in the more thermally variable HV site, this study reveals that thermally
variable conditions can reduce fitness in P. lobata and G. retiformis without an apparent
acclimatory benefit. No evidence of acclimatization was found in either species between the
donor MV site and other sites. P. lobata, but not G. retiformis, growth rates were highest with
the least amount of thermal stress, suggesting lower stress enabled higher growth rates. These
differences between the species remind us that multiple survival strategies may exist among
corals, even among those similar morphologies. These strategies must be described to better

predict acclimatization in the context of the changing climate.
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THE EFFECTS OF ACUTE AND CUMULATIVE

THERMAL STRESS ON ACROPORA CERVICORNIS

INTRODUCTION

Coral reefs protect coastal communities from hazards (Ferrario et al. 2014), offer critical
habitat to more than a quarter of all marine species (Fisher et al. 2015), and provide food and
livelihoods to billions of people, particularly in impoverished nations (Kent 1997, Hughes et al.
2012, Cinner 2014, McClanahan et al. 2015). Coral reef health and function are intrinsically
linked to the health of individual coral colonies (Hughes 1993, 1994a, Hughes and Connell 1999,
Hughes et al. 2003); thus the decline of live coral cover is widely accepted as an indicator of reef
degradation (Glynn 1993, 1996). Coral bleaching, the dissociation of the coral animal host from
its obligate symbiotic algae (Brown 1997), has caused the greatest decline in coral numbers
(Hoegh-Guldberg 1999b) and represents the biggest threat to the persistence of coral reef
ecosystems worldwide (Hughes et al. 2003, Hoegh-Guldberg et al. 2007, Wilkinson 2008).

Corals participate in a delicate symbiosis with endosymbiotic dinoflagellates in the
family Symbiodiniaceae (LaJeunesse et al. 2018b), which they rely upon for most of their
metabolic energy (Muscatine and Hand 1958, Muscatine and Cernichiari 1969, Pearse and
Muscatine 1971, Muscatine and Porter 1977, Muscatine et al. 1981). The partnership is
analogous to a tenant-lease agreement. Under optimal light and temperature conditions, corals
provide their algal partners with the substrates required for photosynthesis, and the nutrients
required for growth in otherwise oligotrophic waters (Muscatine and Cernichiari 1969, Steen and
Muscatine 1987). In exchange, the algae provide the host with photosynthetically-reduced

carbon in the forms of glucose (Burriesci et al. 2012), glycerol (Grottoli et al. 2006), lipids
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(Crossland et al. 1980, Crossland 1987, Harland et al. 1992), and carbon skeletons for the
synthesis of amino acids (Swanson and Hoegh-Guldberg 1998) and organo-phosphates (Jackson
and Yellowlees 1990). This exchange leads to high productivity (Goreau 1959) and enhanced
calcification (Gladfelter 1983) that enables reef formation in an otherwise oligotrophic ocean.

Scleractinian corals are especially sensitive to > 1° C deviations above local temperature
maxima and sustained, high levels of irradiance (Fitt and Warner 1995, Lesser and Farrell 2004,
Hoegh-Guldberg 2006). Consequently, exposure to high temperature and/or irradiance stress
results in the loss of the algae via subsequent expulsion, digestion and/or degradation of the algae
in hospite (Lesser 2006, Weis 2008), a process broadly known as dysbiosis (Brown 1997).
Dysbiosis is generally defined as the maladaptive perturbation of the normal coral-associated
microbiome, which includes both a bacterial consortium and algal symbionts in the family
Symbiodiniaceae (Bosch and Miller 2016b). The oxidative theory of coral bleaching suggests
bleaching and subsequent dysbiosis are caused by the production of reactive oxygen species
(ROS) in the host mitochondria, the algal photosystem 11, or both (Downs et al. 2002). ROS can
damage DNA, chloroplast and mitochondrial membranes, and overload the endoplasmic
reticulum associated degradation pathway (Lesser 2006, Weis 2008, Oakley et al. 2017).
Therefore, when ROS exceed what cellular removal mechanisms can manage, corals may expel
their algal symbionts in an effort to prevent cellular damage.

Although the obscurity of cellular bleaching mechanisms has made it difficult to
understand the physiological winnowing of symbioses, accurate measures of photochemical
efficiency, gross photosynthesis and respiration may provide an integrated physiological
perspective for interpreting the effects of temperature on symbiotic corals. Thermal acclimation

theory suggests gradual changes in temperature ameliorate loss of performance (Angilletta
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2009). Yet, most studies comparing the effects of thermal exposures on Cnidarians have largely
focused on physiological differences between heat shocked and acclimated organisms
(Middlebrook et al. 2008, Putnam and Gates 2015, Hawkins and Warner 2017, Oakley et al.
2017). For example, increased photosynthetic activity, respiration rates, and photoprotection
have been observed in response to brief periods of thermal preconditioning from the sea
anemone Exaiptasia pallida (Hawkins and Warner 2017) and the coral Acropora aspera
(Middlebrook et al. 2008), respectively. More drastic proteomic changes have been found in
heat shocked vs. acclimated E. pallida in the absence of significant reductions in photosynthetic
efficiency or symbiont densities (Oakley et al. 2017). In addition, many studies have utilized
heat shock exposures to elicit a bleaching response in the lab in order to estimate resilience in the
environment (e.g., Palumbi et al. 2014). However, natural coral bleaching is not often the result
of acute heat shock exposure; therefore examining coral thermal performance under different
exposure regimes can improve our understanding of coral resilience.

To date, no studies have explored how fine-scale changes in thermal stress exposures
affect metabolism in the absence of acclimation. Thus, this study exposed corals to acute and
cumulative thermal stress to determine how differences in exposure affected metabolic thermal
performance. Physiological sensitivity to acute heat shock and cumulative warming was
measured in seven genets (i.e., coral host genotypes) of the threatened staghorn coral, Acropora
cervicornis. This study was conducted on A. cervicornis as it is one of two ecologically
important Acroporid corals that dominates the Caribbean reefscape, and it is a target species in a
large number of restoration efforts. Due to the challenges of performing fine-scale metabolic
measurements in remote field locations such as Ofu Island (Chapter 2) and the availability of

many corals from a coral nursery, this study was conducted in Broward County, Florida, USA.
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Unlike other studies, acute thermal stress was examined in the context of thermal dose response,
Degrees Heating Minutes (DHM, ° C min). Each exposure experiment was conducted within a

single day to make the exposures comparable but avoid acclimation.

MATERIALS AND METHODS

Coral sampling

Nubbins of the staghorn coral Acropora cervicornis Lamarck were obtained from a
nearshore coral nursery in Broward County, FL (26° 06 N, 80° 05 W) maintained by Nova
Southeastern University’s (NSU) Halmos College of Natural Sciences and Oceanography. A
total of seven genets of local origin were collected from the nursery. The genets used in this
study were previously identified by microsatellite loci (Baums et al. 2010), and designated B
through J for this study. Genets were selected by the nursery manager a priori that represented a
wide range of coral resiliency based on outplant survival (Goergen and Gilliam 2018). In late
February 2017, six 4 - cm nubbins from six genets (B, C, E, F, H J), plus a single nubbin from an
additional genet (D), were cut from nursery colonies with bone cutters. The additional genet D
nubbin was included to increase sample size. Each nubbin was glued to a hex-head bolt in situ
with marine epoxy, tagged, and attached to a grid on a polyvinyl chloride (PVC) array 0.5 m
above the sandy seafloor (Figure 22). The resulting nubbins were left to heal (n = 6 genets x 6
nubbins = 36 + 1 = 37 nubbins). A HOBO logger (Onset Corp.) was attached to the array to
record in situ temperature every 30 s.

After one month, only one nubbin had died (genet F), and the 36 surviving nubbins had

healed completely and grown. Nubbins were collected from the field nursery and transported to
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the lab in an insulated cooler filled with seawater. Nubbins were placed in a common outdoor
1.5 m?3 tank with multidirectional, circulating seawater, and temperature control in the land-based
nursery at the Halmos College of Natural Sciences and Oceanography, NSU. Encrusting
organisms were gently removed with a handheld rotary tool from areas without live tissue. All
nubbins were rinsed and returned to the outdoor tank for five days, during which temperature

was recorded every 30 s by a HOBO logger.

Figure 22. Photograph of the tagged coral nubbins anchored to a PVC array 0.5 m above the
sandy bottom at the coral nursery site off Ft. Lauderdale, FL. Tagged coral nubbins were epoxied
to bolts and attached to grids using wingnuts (not visible).
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Experimental System

Laboratory aquaria consisted of two tank systems: a staging system and a heat treatment
system as in Chapter 2 (Figure 4), with one difference. Rather than Peltier chilling apparatus
plumbed into the sump tank, the sump was outfitted with a 450 W pump that circulated tank
water through a stainless-steel coil in an ice bath. Temperature was controlled by the heater or
chiller pump in the sump, driven by an Arduino microprocessor and custom software. Tank
water temperature was recorded at 1 kHz by a HOBO logger that was calibrated to 0.1° C against
a NIST-traceable spirit-filled thermometer. The staging tank system was held at 25.5° C, the
daily mean temperature of the outdoor tank during all experiments. The heat treatment system
contained a custom respirometry apparatus submerged in the experimental tank (Figure 23).
Coral respiration chambers were mounted on an acrylic base in the experimental tank. Each
chamber was fitted with a glass-enclosed magnetic stir bar and a fiber optic Oz sensor connected
to a Pre-Sens OXY-10 mini instrument. O2 concentrations were recorded at 0.17 Hz

simultaneously in all chambers.

Thermal Exposures

Experiments were carried out over two days between 09:00 and 17:30 local time.
Measurements were made between 25.4° C and 35.7° C at 2.5° C to 3° C intervals in each
experiment. Metabolic rates of dark respiration and gross photosynthesis were quantified by
measuring oxygen evolution with the coral respirometry apparatus. Approximately 30 minutes
before measurements began, corals were moved from the outdoor tank to the staging tank in the
lab. A single nubbin was randomly assigned to one of eight respirometry chambers; the chamber

was sealed, and oxygen concentration was measured in the dark for at least 10 min. After at least



63

Figure 23. A photograph of the coral respirometry apparatus consisting of eight respiration
chambers mounted on an acrylic base in an experimental tank. A HOBO logger attached to a
dive weight and submerged in the tank (upper right of photograph) was calibrated to a NIST-
calibrated thermometer (also pictured on right). Each chamber was fitted with a magnetic stir
bar and a fiber optic Oz sensor (black wires) connected to a Pre-Sens OXY-10 mini instrument
(not shown).

25 min of darkness, the chambers were opened, flushed with tank water, and photochemical
efficiency (Fv/Fm) was measured in triplicate in three distinct places on the nubbin using a pulse-
amplitude modulated fluorometer (Junior-PAM, Heinz Walz GmbH). All chambers were
resealed, and the tank was illuminated with an irradiance of 500 umol photons m s via white
LED lamps to saturate photosynthesis (Bedwell-lvers et al. 2017). Incubation irradiances were
verified using a Li-Cor 250A meter and scalar irradiance sensor. Net O2 flux was measured for
at least 10 minutes at each temperature. This process was repeated at five distinct temperatures

during two experimental exposures.
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Acute Exposure — Independent sets of nubbins, consisting of one nubbin from each genet
selected at random, were transferred from the staging tank directly into temperature-stabilized
chambers. Each nubbin was measured at a single temperature, then sacrificed. The first
measurements were conducted at 25.4° C. The temperature was increased to 35.4° C for the
second set of measurements, and successive measurements were made at decreasing
temperatures. The same Six genets were present at each measurement temperature in the acute
exposure, with one exception: due to the previously mentioned mortality of a nubbin from genet
F in the field, only five genets were measured at 27.9° C, resulting in 29 nubbins in the acute
exposure.

Prolonged Exposure - As above, seven nubbins (genets B-J) were placed into chambers
at 25.4° C. The O2 metabolism of these individuals was measured repeatedly as temperature was
incrementally ramped to five temperatures between 25.4° C and 35.7° C. Six of the seven genets
were the same as those in the acute experiment. Nubbins from the cumulative experiment were
exposed to each measurement temperature for at least 10 min, then ramped up by 2.5° C in 30
min. This design was chosen for several reasons. First, if different exposures produced the same
physiological patterns, a cumulative exposure would substantially reduce the number of corals
sacrificed. Second, the ramp rates were selected to capture physiological changes that may occur
with increasing temperatures on par with a large tidal oscillation in a highly variable nearshore
environment (as in Chapter 2). Third, Fv/Fwm is constant in the daylight and lower at night, thus,
to avoid day/night effect, all measurements were made between 0900 to 1700.

Temperature was monitored constantly with a NIST calibrated thermometer (Table 8),

and salinity was measured at every temperature using a refractometer (Tables 9, 10). Metabolic
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measurements commenced once the temperature had stabilized for several minutes and all
measurements began with air-saturated seawater. Differences in Oz solubility due to temperature

and salinity were compensated for in all calculations during data processing.

Data Processing

Temperature was held within 0.1° C during each measurement (Figure 24, Table 8). The
duration of each exposure period was recorded (Table 8), enabling the calculation of the thermal
index Degrees Heating Minutes (DHM, ° C min) above the ambient temperature (25.4° C). In
the acute exposure, coral nubbins were sacrificed immediately after measurements were
completed, while cumulatively exposed nubbins were sacrificed at the end of the full exposure.

Triplicate measurements of photochemical efficiency were averaged for each nubbin at
each measurement temperature, to give mean Fv/Fw for each genet in both exposure treatments.
Metabolic rates of respiration (R) and gross photosynthesis (Pcross) were calculated from
changes in dissolved O2 concentration as in Aichelman et al. (2019). Raw oxygen evolution
recorded by Pre-Sens software (version Oxy10v3_33fb) was corrected for temperature and
salinity based on the correction calculations provided by Pre-Sens. The corrected, continuous
[O2] time series were plotted, and sections of each trace that corresponded to measurements in
the light and dark were identified. These sections were fitted to a linear model to obtain slopes
of AO2/At (nmol O2 mL1 mint) in the dark (R) and in the light (Pnet). These metabolic rates in
were corrected for the combined effects of instrument drift and microbial metabolism from the
seawater, scaled to chamber volume (mL) and normalized to coral tissue surface area (cm?, see

below). Gross photosynthesis (Pcross) was calculated as Pner + |R|.
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Each metabolic rate was examined as a function of thermal stress, defined as DHM.
Values of Fv/Fwm, R, and Pcross Vvs. temperature were each fitted to a modified Schoolfield-
Sharpe model, which assumes the activity of a single rate-controlling enzyme controls the

apparent temperature dependence of the rate (Padfield et al. 2016):
In(b(T)) = Ea(1/kTc —1/KT) + In(b(Tc)) — In(1+e EnWKTh-T/kT))

using the iterative curve fitting tool (CFTOOL) in MATLAB™ that also provided error estimates
for each equation parameter. Symbols used for the models, and their definitions, are summarized
in Table 9.

The lower limit of Symbiodiniaceae photosynthesis in culture has been reported to be
5° C (McBride et al. 2009); thus 5° C was chosen as the lower constraint for all models in order
to achieve adequate fitting of thermal performance curves. Resulting model parameters were
compared via t-tests to identify significant differences in curve features between acute and
prolonged exposures. The temperature sensitivity (Q1o) was calculated over the exponentially
increasing portion of the response curve from 25° C to 36° C for each metabolic rate with acute

and cumulative exposures, as

10
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Table 8. Thermal stress expressed as degrees heating minutes (DHM, ° C min) calculated above
ambient (25.4° C), which encompasses exposure duration at each temperature in both acute and
cumulative scenarios.

Metabolic Measurement

Temperatures ¢ C) Time (minutes) DHM >254°C
acute cumulative acute cumulative acute cumulative
25.4 25.5 41 46 7 1
27.9 28.0 21 65 77 97
30.5 30.7 75 26 234 324
32.9 33.1 120 39 388 559
35.4 35.7 85 63 488 1137

Table 9. Symbols, definitions and units used for model parameters. * indicates a constant.

Symbol Definition Units

b(T) metabolic rate per unit surface area nmol O, cm™2 min™t
Ea activation energy for the metabolic process eV
En temperature induced inactivation of enzyme kinetics > Th eV

b(Tc)  metabolic rate at Tc nmol O, cm™2 min™
Te reference temperature, 298.55K (25.5° C) * K
Th temperature at which enzymatic inactivation begins K
k Boltzmann's constant (8.62 x 10e-5) * eV K1
T temperature K
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Figure 24. The temperature series of two thermal stress experiments, wherein coral holobiont
respiration and net photosynthesis were measured at 5 discrete temperatures (flat breaks) for at
least 20 minutes (10 minutes for dark respiration and 10 minutes for net photosynthesis).
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Table 10. The exact measurement temperatures, salinities, and metabolic rates of coral nubbins

during acute (a) and cumulative (b) exposure experiments. The coral host genet and rates of
respiration (R), net photosynthesis (Pnet) and gross photosynthesis (Pcross) are identified.

Acute Exposure

- temperature (°C) Salinity Host Metabolic Rate (nmol O, cm™2 min™)
R P (PSS-78) Genet R Pner Pcross
25.4 25.4 38 B 7.95 16.47 24.42
C 6.38 20.17 26.55
E 6.39 21.29 27.68
F 5.12 16.24 21.36
H 7.51 13.68 21.19
J 5.38 22.20 27.58
27.8 27.9 39 B 11.56 16.78 28.34
C 8.47 11.03 19.49
E 8.57 9.09 17.66
F 10.45 14.43 24.88
H 9.76 11.19 20.95
30.6 30.6 39 B 17.07 19.73 36.80
C 13.24 17.21 30.45
E 10.69 15.48 26.17
F 15.82 11.80 27.62
H 10.48 14,51 24.99
J 11.72 14.20 25.92
32.9 33.1 39 B 11.08 6.91 18.00
C 11.66 12.31 23.96
E 12.79 11.01 23.80
F 10.78 -2.63 8.15
H 14.32 10.37 24.68
J 8.40 3.51 11.90
34.4 35.7 38 B 12.79 -6.10 6.70
C 8.86 -1.21 7.65
E 5.79 -0.94 4.85
F 10.35 -7.11 3.24
H 8.81 -0.46 8.35
J 14.87 -0.13 14.75



Table 10b. continued

Cumulative Exposure

temperature ("C) Salinity Host Metabolic Rate (nmol O, cm™ min™)
R P (PSS-78) Genet R Pner Pcross
25.4 25.5 38 C 7.51 12.74 20.25
D 491 16.02 20.93
E 8.67 21.94 30.61
F 441 13.93 18.34
H 7.15 15.29 22.44
J 6.97 16.64 23.61
28.0 28.1 38 B 11.96 23.32 35.28
C 7.96 16.92 24.88
D 8.59 15.88 24.47
E 10.90 22.92 33.82
F 10.48 18.31 28.79
H 10.61 15.63 26.24
J 8.74 19.24 27.97
30.6 30.8 38 B 12.51 21.37 33.88
C 12.08 14.85 26.93
D 8.21 8.11 16.32
E 15.40 19.52 34.92
F 15.90 25.03 40.93
H 12.32 19.22 31.53
J 17.31 17.07 34.37
33.1 33.2 38 B 13.78 12.23 26.01
C 10.98 11.16 22.14
D 10.63 4.25 14.88
E 25.83 17.98 43.82
F 23.69 11.82 35.51
H 12.50 9.95 22.45
J 13.36 8.56 21.91
35.7 35.8 38 B 13.81 3.84 17.65
C 11.42 2.79 14.21
D 10.44 2.04 12.48
E 20.63 2.32 22.95
F 12.66 1.91 14.57
H 15.38 1.17 16.55
J 12.98 -0.50 12.48
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RESULTS

Temperatures in the field and outdoor tank were identical and did not exceed 26° C (not
shown). Thermal stress levels (DHM, ° C min) at each measurement temperature in both
exposures were similar at measurement temperatures < 30° C. At temperatures > 30° C, nubbins
were exposed to greater thermal stress in the cumulative exposure than in the acute exposure
(Table 8, Figure 25).

Photochemical efficiency in both exposures conformed to the Schoolfield-Sharp model
but did not match measurements of Fv/Fwm at the reference temperature, b(Tc) (Figure 26; Table
11a). The Tn of Fv/Fm was significantly lower (by 4.9° C) in the acute exposure (Table 11a-c,
Figure 26). Fv/Fm decreased when temperatures exceeded 28° C, representing an accumulation
of thermal stress > 75° C min in both treatments (Figures 25, 29). Mean Fv/Fwm dropped from
0.58 t0 0.46 in the cumulative exposure while Fv/Fwm in the acute exposure dropped from 0.55 to
0.19 (Figure 26). In the acute exposure, Fv/Fm decreased linearly from 0 to 388° C min, then
declined sharply at 488° C min (Figure 26). In contrast, the slope of Fv/Fm with cumulative
exposure was less steep and never fell below 0.45, despite being exposed to > 1100° C min,
more than twice the thermal stress of the acute exposure.

Exposure regime had a significant effect on the Schoolfield-Sharp model parameters of R
and Pcross between the temperature exposure treatments (Table 11b, Figures 27, 28). Baseline
values of R (i.e., b(Tc)) and temperature-induced enzyme activation, Ea, of respiration did not
differ with exposure. En differed significantly with exposure; the cumulative exposure had a
steeper decline in R after Tn than did the acute exposure. Holobiont respiration was not
measured at temperatures greater than 35.7° C; thus, it is possible the critical thermal maximum

was higher than the upper constraint of 40° C used in the model. However, Th was 1.5° C lower
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Table 11. (a) Sum of squared errors (SSE), coefficient of determination (Adjusted R?), and root
mean square error (RMSE) for the Schoolfield-Sharpe models. (b) Mean parameters values +
SD for the effect of temperature on photochemical efficiency (Fv/Fwm), respiration (R) and gross
photosynthesis (Pcross) in acute and cumulative exposures. Temperatures are in ° C. (c) t-test
results comparing the parameters from the acute and cumulative exposures, respectively. The t
statistic (t), degrees of freedom (df), standard error of the difference, p-values (p), mean
difference, and lower and upper confidence intervals (Cl) are given.

Acute Cumulative
Performance SSE  Adjusted R?> RMSE SSE  Adjusted R”? RMSE
Fv/Fwm 0.057 0.928 0.044  0.026 0.988 0.023
R 1.17 0.97 0.18 1.78 0.97 0.19
PGross 2.60 0.97 0.26 1.75 0.98 0.20
b.
Model Fv/Fwm R PGross
Parameter acute cumulative acute cumulative acute cumulative

Ea 0.15+0.02 0.16+0.02 0.76+0.07 0.74+0.05 134+0.19 1.15+0.08
En 344+130 157+0.19 267+060 430+1.04 140%+030 193+0.24
b(Tc) 142+0.04 147+0.03 3.15+0.13 3.11+008 484+049 4.28+0.17

Th 36.6+0.7 415+02 361+10 37606 28629 329+11
C.
Std. Err of Mean
Parameters t df  Difference p Difference Lower CI  Upper CI
Ea 117 11 0.009 0.267 -0.01 -0.03 0.01
j En 379 11 0.494 0.003 1.87 0.78 2.96
'L b(Tc) 257 11 0.019 0.026 -0.05 -0.09 -0.01
Th 17.81 11 0.275 < 0.0001 -4.9 -5.5 -4.3
Ea 060 11 0.03 0.561 0.02 -0.05 0.09
o En 338 11 0.48 0.006 -1.63 -2.69 -0.57
b(Tc) 068 11 0.06 0.510 0.04 -0.09 0.17
Th 334 11 0.4 0.007 -1.5 -2.5 -0.5
Ea 242 11 0.08 0.034 0.19 0.02 0.36
% En 354 11 0.15 0.005 -0.53 -0.86 -0.20
o b(Tc) 285 11 0.20 0.016 0.56 0.13 0.99

Th 3.65 11 1.2 0.004 -4.3 -6.9 -1.7
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in the acute exposure, indicating, as with Fv/Fw, that holobiont R was more sensitive to acute
thermal stress than cumulative temperature exposure.

Every model parameter for Pcross differed with exposure. Ea and b(Tc) were slightly, but
significantly greater in the acute exposure. The mean differences in Ea and b(Tc) were 0.19 and
0.56 higher in the acute exposure than in the cumulative exposure, respectively. Tn and En of
Pcross were 4.3° C and 0.53 greater in the cumulative exposure, respectively (Table 11c). Of
note, the acute exposure Pcross measurements displayed a high degree of variability, thus 95%
confidence intervals overlapped (Figure 28). Rates of Pcross in both exposures and R in the
acute exposure increased until thermal stress reached values greater than 324° C min (i.e., from
25° C to 31° C), then decreased with increasing DHM (Figures 30, 31). However, in the
cumulative exposure treatment, R continued to increase at temperatures > 31° C and plateaued,
despite being exposed to nearly twice the thermal stress of the acute treatment (Figure 30).
Pcross increased with increasing thermal stress until the DHM dose exceeded 324° C min (Table
11, Figure 31).

R was three times more sensitive to increasing temperature than Pcross in the acute
exposure and had 1.8 times higher sensitivity with cumulative stress (Table 12). Pcross was
more 1.5 times more sensitive to the greater doses of thermal stress in the cumulative exposure,
but R Q1o values were higher with acute exposure, indicating it was more sensitive to acute

warming that cumulative.
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Figure 29. The relation of photochemical efficiency as a function of thermal stress, expressed as
degrees heating minutes under both acute (solid circles) and cumulative (open circles) exposures.
Error bars represent the 95% confidence intervals.
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Table 12. The mean Q1o + 1 standard error of each metabolic rate with increasing temperature.
Q1o of acute respiration and gross photosynthesis were calculated from 25° C to 31° C. Q1o was
calculated from 25° C to 33° C for cumulative respiration.

Q1o
Metabolic Rate Acute Cumulative
Respiration 4.37 £0.97 3.57+£0.94
Gross Photosynthesis 1.38 +£0.20 2.10 £ 0.47

DiscussION

Physiological symptoms of thermal stress were most apparent in the acute exposure,
adhering to the prevailing thermal acclimation theory. All physiological measures had lower
temperatures of inactivation, Tn, with acute exposure. In addition, En, the slopes of enzyme
inactivation for R and Pcross were lower with acute exposure. Holobiont metabolism was not
measured at temperatures greater than 36° C in this study, and the same upper constraints (40° C)
were used for model fitting for both exposures; therefore, it is expected an increase in Th would
lead to a steeper En, as was observed in both R and Pcross. However, some enzymes and
proteins critical to cellular function denature around 40° C; thus, a large shift in critical thermal
maximum is unlikely (Angilletta 2009). Coral material available for this study was limited.
Future work should be aimed at measuring greater numbers of nubbins perhaps at larger
temperature intervals so the critical thermal maxima and minima can be determined to capture
the full thermal performance breadth.

Holobiont respiration showed greater resiliency than photosynthesis at high doses of
thermal stress (Figure 30), despite respiration rates being 3 times more sensitive to changes in

temperature (Table 12). One possibility for the sharp decline Pcross compared to R at higher
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doses of thermal stress might imply a limitation of carbon dioxide (CO2), the substrate for
symbiont photosynthesis. While pH wasn’t measured during this experiment, CO2 limitation
under different exposures should be investigated. This observation would have gone unnoticed
without equating the exposures to thermal stress dosage (DHM), underscoring the value of
putting thermal stress experiments in a dose context for corals.

Changes in mitochondrial density and enzyme activity are common cellular
compensatory mechanisms acting on the order of days to weeks (Bouchard and Guderley 2003,
O’Brien 2011) in response to thermal stress in animals, with increases observed in cold water
conditions (Portner and Knust 2007; Portner and Farrell 2008; Portner 2010), and reductions in
warm water conditions (Kraffe et al. 2007). In contrast to the patterns found in fishes, wherein
mitochondrial biogenesis is observed with cold acclimation, mitochondrial biogenesis appears to
increase with warm temperature acclimation in corals (Hawkins and Warner 2017). Further,
positive correlations have been observed between symbiont density and mitochondrial electron
transport rates and enzyme activity in several coral species (Agostini et al. 2013, 2016) and the
anemone E. pallida (Hawkins et al. 2016). Most scleractinians are obligately symbiotic, relying
on the algal partners to meet their metabolic demands (Muscatine et al. 1981). Thus, it has been
inferred that temperature increases may equate to increased carbon translocation, which, in turn,
allows for mitochondrial biogenesis in response to thermal acclimation (Hawkins and Warner
2017). Carbon translocation was not measured in this study; however, the decline in gross
photosynthesis at temperatures and thermal stress levels > 30° C and 300 ° C min, respectively
negate the likelihood for carbon translocation above these levels of thermal stress. More likely,
carbon translocation may increase under thermal stress to a point, but reductions in

photosynthesis lead to a decline in the photosynthesis to respiration ratio, perhaps further
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supporting the possibility of CO2 limitation. Regardless of the cause, it appears the very
symbiosis that has enabled coral persistence in oligotrophic seas makes corals extremely
vulnerable to increasing temperatures, at least with respect to the short-term exposures used here.

Fv/Fwm reduction in the cumulative exposure was much less severe than acutely exposed
corals, despite higher doses of thermal stress (i.e., greater DHM at higher temperatures). The
drastic reduction of Fv/Fwm, and significantly reduced T of Fv/Fm with increased temperature are
consistent with PS1I damage in the alga with acute heat shock (Warner et al. 1999). This
suggests that algal symbiont PSII was particularly sensitive to acute warming. The reduction in
Fv/Fwm in the cumulative exposure was significant but much less pronounced than that of the
acute exposure, indicating that even at extremely high doses of thermal stress, the light
harvesting complex of PSII was intact enough to continue harvesting photons. However, rapid
declines in Fv/Fm with acute heat shock, such as those used in Chapter 2, may result in the
inability to replace important PSII structural proteins, such as D1, quickly enough under such
exposure regimes, leading to photosystem breakdown (Warner et al. 1999).

The experiments presented here clearly demonstrate that even with smaller doses of
thermal stress, acute heat shock exposures elicited a markedly different physiological response
than did more gradual exposures to temperature stress in the hermatypic coral A. cervicornis.
This study further demonstrated that even the slightest change in exposure (i.e., from acute to
more gradual on the order of minutes) enabled physiological adjustment by the holobiont. This
response difference between acute vs. more gradual exposures is consistent with findings across
the literature. Gradual warming invokes beneficial physiological responses, such as higher
cellular thresholds of ROS and their associated enzymes (Lesser 1996, 2006; Lesser and Farrell

2004), the induction of different metabolic and immune pathways (Rebl et al. 2018), and
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enhanced survival (Harada and Burton 2019). The increased thermal tolerance of metabolism
with gradual exposure found here emphasizes that subtle differences in exposure can lead to vast
physiological differences. Thermal stress is strongly dependent on exposure and dose across
taxa; therefore, it is important to consider ecologically relevant thermal stress applications in the
context of dose when designing experiments.

Thermal peaks of metabolic performance curves were positively shifted with cumulative
warming, despite the relatively rapid rate in the cumulative exposure, further supporting that
more gradual warming in a very short period of time enabled detectible physiological
adjustment. In addition, the cumulative treatment thermal stress exposure in this study mimicked
the variable nearshore environments of Ofu Island, which routinely experience 6° C temperature
fluctuations daily, resulting in exposures between 0.36 to 1.14° C days above the local mean
monthly maximum temperature on an austral summer day (Chapter 2). Corals in the cumulative
treatment in this study received 0.79° C days of thermal stress above the ambient temperature
(not the climatological mean monthly maximum, which would result in a lower thermal stress
dose), making the thermal stress doses in this study ecologically relevant.

The differences in overall thermal performance identified between acute vs. gradual
thermal stress in this study have important implications for the experimental design and
interpretation of coral bleaching physiology. Heat shock exposures may be appropriate when
used alongside more gradual exposures to identify pathways, genes and proteins related to
thermal stress (Bay and Palumbi 2015), but the results from this study suggest they likely do not
reflect the integrated physiological response of the holobiont to more realistic changes in
temperature as simulated by the gradual treatment. Bleaching in nature is generally not the result

of heat shock, thus it is possible results from studies using acute thermal stress may be
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misleading. Acute exposure generated a vastly different physiological response than a more
gradual exposure, despite the gradual exposure involving a rapid rate of warming, demonstrating
a potential source of error in experimental design. The disconnect between the physiological
response caused by a lack of ecological relevance may explain some of the difficulty coral
researchers have in accurately predicting bleaching resistance and thermal tolerance. Therefore,
to make thermal stress studies more comparable, it is recommended thermal stress exposures
should be calculated as doses (e.g., in degrees heating times), supporting the importance of both
magnitude and duration of stress on metabolism. When appropriate, doses should be
ecologically relevant to relate the results to environmental conditions.

Thermal tolerance has been related to the coral genotype (Barshis et al. 2010; Lirman et
al. 2014), symbiont genotypes (Baker 2004), and environmental influence (Kenkel et al. 2013).
The use of nursery corals enabled reasonable control of those factors in this study. Acroporid
corals commonly experience asexual fragmentation in the wild, creating dense monoclonal
thickets of single coral host genotypes (Baums et al. 2010). Collection and genotyping of corals
from the wild is both costly and can compromise threatened wild populations. Nursery-sourced
corals allowed for selection of genets with a priori knowledge of their performance to capture as
much performance variation within the population as possible. The use of nursery corals that
were previously genotyped ensured distinct host colony identity, and enabled inclusion of as
much variation in resiliencies as possible to accurately assess the thermal performance of the
Broward County A. cervicornis population. Nursery corals were sourced from multiple Broward
County sites but were held in a common nursery setting for six to ten years, thus removing any
recent effects due to differences in the environment. For these reasons, the use of nursery corals

could offer great benefit for future studies, particularly for coral species where clonality is a
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concern (i.e., those that proliferate predominantly by asexual fragmentation, such as many
branching species).

A. cervicornis has been found to harbor predominantly a single clonal strain of
Symbiodinium fitti, Type A3 (Thornhill et al. 2006; Parkinson et al. 2018). Therefore, low
variation in symbiont genotype and thus a uniform contribution by the algal symbionts to
holobiont thermal performance was assumed for this study. The population from which these
nubbins were collected appears to have high genetic diversity for the region (Drury et al. 2017).
However, the population lies at the northern most edge of the species’ range and a depression in
connectivity between it and neighboring populations to the south may limit recruitment (Drury et
al. 2017). As temperatures increase, northward migration may be possible, however unassisted
sexual reproduction in this population is rarely observed in the wild (Goergen, pers. comm.).
This population is in decline, thus northward migration is not likely without intervention, putting
Broward County A. cervicornis at increased risk of extinction. Broward County is the
seventeenth most populous county in the United States (U.S. Census 2017), and most thickets of
A. cervicornis occur 100 m off of Fort Lauderdale Beach. Therefore, continued conservation
efforts are warranted to effectively manage this population from local and global stressors.

This work suggests that while respiration appears to have an acclimatory potential,
photosynthesis and thus the symbiosis on which the species depends, may lack the capacity to
meet metabolic demands of the holobiont when challenged by high temperatures. Future studies
will be aimed at the development of a model to estimate thermally-driven metabolic deficits to
more accurately predict the timing of annual severe bleaching (van Hooidonk et al. 2016). There
is also still a need to assess the acclimation potential of this species to the predicted thermal

stress levels of the coming decades.
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GOLDILOCKS AND THE THREE CORALS:

DOES PRIMING HAVE TO BE JUST RIGHT TO ALLAY CORAL BLEACHING?

INTRODUCTION

Corals may acclimatize to non-lethal thermal stress, a concept referred to as acquired
thermal tolerance (Brown et al. 2002, 2014, Coles and Brown 2003, Middlebrook et al. 2008,
Brown and Cossins 2011, Haslun et al. 2011, Bellantuono et al. 2012). There is evidence that a
particular type of acquired thermal tolerance, coral stress memory, contributes to overall thermal
tolerance of individual corals (e.g., Brown et al. 2002a, 2002b, 2014, Middlebrook et al. 2008).
Stress memory is defined as the modified response to a stress event when preceded by a sublethal
stress event, referred to as the priming event (Hilker et al. 2015). Much like athletic training, the
priming stimulus involves exposure to a mild stressor that has an upfront physiological cost to
the organism, but enables an improved response when confronted with a subsequent stressor
(Karban 2008, Hilker et al. 2015). For stress memory to be successful, the priming stimulus
should result in increased tolerance with subsequent stress (Hilker et al. 2015). The effects of
priming are governed by the magnitude and duration of the exposure. In some cases, the priming
response may be short-lived, with the organism returning to its naive, unprimed state (Hilker et
al. 2015; Figure 32).

Priming acts on the phenotype of individuals, resulting in elastic cellular and/hormonal
changes while leaving the genetic information (i.e., the DNA sequence) unchanged. It can,

however, lead to quasi-permanent epigenetic changes, such as DNA methylation and
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Figure 32. Diagrammatic representation of the stress memory model after Hilker et al. (2015).
The blue line represents the response of a naive organism to a stress event. The green line
represents the response of a primed organism. The initial stimulus primes the organism,
invoking a fitness cost; however, after some period of time, when confronted with a stress event,
such as bleaching, the primed organism outperforms the naive organism, ultimately conferring

benefit.

histone modifications that occur in primed individuals and may be inherited by subsequent
generations (Donelson et al. 2017, Agrawal et al. 1999, Molinier et al. 2006, Putnam and Gates
2015, Liew et al. 2018, Eirin-Lopez and Putnam 2019). The highly conserved nature of the
stress memory phenomenon across disparate taxa (e.g., bacteria, yeast, plants, invertebrates, and

vertebrates including humans) suggests stress memory is an important survival mechanism
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(Feder 1999, Guan et al. 2012, Walter et al. 2013, Arts et al. 2016, Dominguez-Andrés et al.
2019).

There is evidence for coral stress memory in the literature (Brown et al. 2002a, 2014,
Castillo and Helmuth 2005, Middlebrook et al. 2008, Haslun et al. 2011, Bellantuono et al.
2012a). The first study to suggest a stress memory capacity in corals found a differential
bleaching response on only one side of irradiance-stressed colonies which persisted when the
colonies were re-oriented (Brown et al. 2002, 2014). Remarkably, when the same corals were
moved back to their original orientation, the stress tolerance was ‘remembered’ a decade later
(Brown et al. 2014). Corals exposed to thermal stress in advance of a simulated bleaching event
had more effective photoprotective mechanisms (Middlebrook et al. 2008), though metabolic
tradeoffs have been found to exist for such pre-exposures (Rodrigues and Grottoli 2007, Grottoli
et al. 2014, Gibbin et al. 2018). Indeed, as severity and frequency of thermal stress events
continue to increase (Eakin et al. 2009), there is evidence for stress memory at the scale of entire
reef ecosystems (Ainsworth et al. 2016, Hughes et al. 2019), though the influence and benefits of
this memory are unclear (Baker et al. 2008, Bonesso et al. 2017).

To date, the majority of studies exploring thermal tolerance in corals have characterized
phenotypic responses in the context of bleaching and linked phenotype to molecular changes
(Thomas et al. 2018), biochemical/cellular composition (Hawkins and Warner 2017), and
holobiont metabolism (Gibbin et al. 2018). Different modes of stress memory have been
identified in a variety of corals. Acropora hyacinthus corals from warm, thermally variable
habitats exhibited thermal tolerance-associated differences in baseline gene expression compared
to conspecifics from cooler, more thermally stable microhabitats (Barshis et al. 2013). Acropora

millepora exposed to sustained, but not pulsed, sub-lethal thermal stress had more effective
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photoprotective mechanisms and greater symbiont retention compared to naive corals
(Middlebrook et al. 2008, Bellantuono et al. 2011). Increased chlorophyll retention was
observed in Acropora nana following thermal challenge, after acclimation to both stable and
variable temperature increases (Bay and Palumbi 2015). Increased gross photosynthesis,
holobiont respiration and mitochondrial enzyme activity were observed in pre-conditioned
Exaiptasia pallida, the latter of which were attributed to mitochondrial biogenesis/enlargement
that ultimately delayed subsequent bleaching in primed anemones by several days (Hawkins and
Warner 2017). In all cases, prior sub-lethal stress exposures led to enhanced thermal tolerance
(i.e., reduced bleaching) when confronted with a simulated bleaching event.

Changes in gene expression, cellular function, and metabolism with acclimatization to
repeated thermal stress provide evidence to suggest that stress memory plays a role in survival of
corals. However, Chapter 2 revealed corals paid a price for resilience, and costs of priming
remain largely unexplored. A comprehensive characterization of the physiological changes and
costs (sensu Hilker et al. 2015) to both primed and unprimed corals is needed to better
understand the potential benefits and tradeoffs associated with coral stress memory. To
determine whether thermal stress memory reduced coral bleaching and to identify costs,
phenotypic differences in bleaching were characterized in primed and unprimed Acropora
cervicornis in the laboratory. Stress memory experiments can be confounded by the influence of
the algal symbiont species (Abrego et al. 2008) and recent thermal history on thermal
performance (e.g., Chapter 3, Castillo and Helmuth 2005, Thompson and van Woesik 2009,
Donner 2011, Castillo et al. 2012). A. cervicornis was chosen for this study because it associates
primarily with a single algal symbiont type (Symbiodinium spp. ITS2-type A3; Parkinson et al.

2018), thereby reducing stress memory influence caused by symbiont type association. In
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addition, A. cervicornis corals used in this study were sourced from a nursery with a common
thermal history to reduce thermal history effects.

This study sought to address three objectives: (1) whether priming had a cost to corals,
(2) whether any observed cost persisted after a brief (eight-day) recovery period, and (3) whether
thermal stress memory reduced coral bleaching, assessed here by changes in symbiont density,
total chlorophyll, and chlorophyll per cell. Algal protein and photochemical efficiency were
measured as additional physiological indicators. Experiments in Chapter 3 revealed corals
exposed to gradually increasing stress displayed a higher capacity to acclimate, thus priming
exposures in this study followed a more gradual approach. Standardized bleaching exposures

were used to compare the degree of coral bleaching in A. cervicornis with and without priming.

MATERIALS AND METHODS

Field Sampling

A large number of distinct Acropora cervicornis coral genotypes (previously genotyped
by Baums et al. 2010) were available in the coral nursery at Nova Southeastern University’s
(NSU) Halmos College of Natural Sciences and Oceanography. Corals were obtained from the
NSU nursery in Broward County, FL (26° 07" N, 80° 05' W). The coral colonies used in this
study originated in Broward County and had been in the nursery for more than six years. In late
February 2017, 228 A. cervicornis coral fragments were created from nine coral host genotypes
(i.e., genets) representing a range of coral resiliencies based on outplant growth and survival

(Goergen and Gilliam 2018). Colony branches from each genet were cut
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Figure 33. A photograph of experimental nubbins deployed at the coastal nursery in Broward
County, FL on PVC arrays.

into 5 cm lengths (hereafter referred to as nubbins), epoxied to nylon bolts and labelled with tags
to enable sample tracking for the duration of the experiment. The resulting coral nubbins were
secured to grids on polyvinyl chloride (PVC) arrays anchored 0.5 m above the sand bottom with
auger tie downs and rebar (Figure 33). In situ temperature was recorded by a HOBO temperature
logger (Onset) every 30 s from the time of fragmenting until retrieval 35 and 63 days later. All
nubbins appeared visibly healthy, were fully healed and had grown since the original cutting.
The nubbins were retrieved from the field and placed in a 1.5 m® outdoor tank plumbed
with a recirculating seawater system and high multidirectional flow. The outdoor tank was
covered with a clear tarp to exclude rainwater and a shade cloth to provide an irradiance (PAR)

of ~550 umol photons m s at local solar noon. Several water quality parameters were
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monitored daily for the duration of the experiment: temperature was measured via additional
loggers in all tanks and calibrated to daily measurements with a NIST-calibrated thermometer;
salinity was measured using a refractometer (PSS-78, Lewis 1980); nitrate, ammonium,
alkalinity (KH) and calcium were measured using a titration-based test kit (API). Turf algae and
encrusting marine organisms were gently removed from non-tissue portions of each nubbin with
a stainless-steel brush on a rotary tool at the time of collection from the field. Corals were rinsed
with seawater, then returned to the tank.

The lab tank system was constructed from six independent recirculating tanks, as in
Chapter 2 (Figure 4). Fresh seawater was supplied at a rate of 4 L h! into each head tank from a
common reservoir, providing complete tank water turnover every 8 h. Each tank was supplied
with 480 to 500 umol photons m s of irradiance via white LED bulbs between 0700 and 1945
local time following local daylength. The temperature of each tank was controlled independently
as in Chapter 3, with chilling achieved via heat exchange through coils in an ice bath.
Temperature was recorded every 30 s in each tank with submersible temperature loggers. All
probes and loggers were calibrated to the same NIST-calibrated thermometer to a precision of
0.1° C. Average in situ water temperatures in Southeast Florida in April are between 25° C and
26° C, so0 25.5° C was selected as the ambient (i.e., control) temperature in all experiments

(NOAA Coral Reef Watch 2017b).

Determination of a Standardized Bleaching Exposure

A preliminary experiment was performed to determine the thermal exposure required to
significantly reduce symbiont density, simulating a severe bleaching event. In late March 2017,

corals were retrieved from the field (n = 35) and held in the outdoor tank for ten days. Four
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nubbins from each of nine genets (A — J, excluding H) were brought into the lab at 0800 h and
one nubbin from each genet was placed into each of four treatment tanks. Due to mortality in the
field, one tank had only eight genets.

Variable fluorescence (Fv/Fwm) of each coral nubbin was measured in triplicate using a
Walz Junior-PAM pulse amplitude modulation fluorometer. Corals were dark-adapted for at
least 25 minutes before all measurements. Dark-adapted Fv/Fm was measured before heating
began (0 h). Corals were illuminated and a bleaching exposure program was initiated once
Fv/Fm measurements were completed.

Each treatment tank had a distinct maximum temperature: control (25.5° C), low (32° C),
medium (33° C), and high (34° C). The water temperature in each heated tank was ramped up to
the maximum at a constant rate over 3 h, held at the maximum for 3h, ramped down to ambient
at the same rate over 3 h and held at ambient overnight for an additional 15 h. After the
temperature ramp exposure, dark adapted Fv/Fm was measured again as above (23.5 h). Coral
nubbins were individually wrapped in foil, and immediately stored at -20° C for 2.5 weeks.

Coral nubbins were processed for symbiont density, algal protein, and chlorophyll concentration.

Priming Experiment

The priming experiment involved exposure to a sub-lethal thermal stress for one to two
days, an eight-day recovery period in a common aquarium, and then exposed to standardized
bleaching, as described above (Figure 34). Corals that benefit from a priming exposure should
demonstrate increased resistance to bleaching when subsequently challenged by a temperature
stress. All remaining nubbins were retrieved from the field and placed in the outdoor tank (n =

192) in late April 2017. After four days, they were transferred into one of six treatment tanks in
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the lab for priming. Each treatment tank held four nubbins from each of eight genets (C — J), for
a total of thirty-two nubbins per treatment (n = 4 corals/genet x 8 genets = 32 nubbins per
treatment). Nubbin tag numbers in each treatment were recorded.

The control (C) nubbins were held at ambient temperature for the duration of the
experiment (no thermal stress, negative bleaching control). Corals in the naive treatment (N)
were held at ambient during the priming period but subjected to the bleaching exposure,
potentially eliciting the maximum bleaching response (positive bleaching control). The four
additional treatments were primed with low and high durations and temperatures: 24 h at 28.0° C
(LL), 24 h at 30.5° C (LH), 48 h at 28.0° C (HL), and 48 h at 30.5° C (HH). Heating and cooling
in all treatments occurred at a rate of 1° C ht. Subsets of coral nubbins representing each of
eight genets from each treatment (subset = 8 genets/treatment x 6 treatments = 48 corals) were
sacrificed at three distinct timepoints for invasive sampling: after priming (day 2), after the
recovery period (day 10), and at the conclusion of the bleaching exposure (day 11). Sacrificed
corals were removed from the treatment, immediately wrapped in foil and placed at -20° C until
processing (< 2 weeks).

Dark-adapted Fv/Fm was measured in triplicate from a subset of nubbins in N, LH and
HH on day 1 and in all treatments on days 2, 3, 6, 10, and 11 of the experiment. Measurements
were made between 1100 and 1330 each day. Different subsets were measured each day to
minimize handling stress. Heating began in the high and low duration treatments at 1330 on
days 1 and 2, respectively (Figure 34, 3a).

At the conclusion of the priming exposure (day 3), a subset of corals was sacrificed as
above, and all remaining corals were transferred to the outdoor tank (Figure 34, 3b). Each day,

nubbins were moved around the outdoor tank randomly to account for variation in irradiance or
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flow in different areas of the tank. After 8 days of recovery (day 10), another subset of nubbins
was sacrificed (Figure 34, 3d), and the remaining nubbins were brought into the lab for the
bleaching exposure.

Control nubbins for the bleaching exposure were selected by randomly choosing nubbins
kept at ambient during priming from either the C or N priming treatments. The remaining naive
and primed nubbins were randomly dispersed among the five heat tanks for the bleaching

exposure (Figure 34, 3e).

Sample Processing

Coral tissues were airbrushed from the skeleton with seawater (100 psi), collected in 50
mL conical tubes, and kept on ice in the dark at all times during processing. Skeletons were
dried and surface area was determined by the wax method (Stimson 1991). Tissue slurries were
homogenized for 1 min with an electronic tissue homogenizer, and centrifuged at 5,000 x g for 5
min. The supernatant was discarded, and the algal pellet was resuspended in seawater to 25 mL

final volume.

Symbiont Density

A small aliquot of the resuspended pellet was fixed in formaldehyde (1% v/v final
concentration) and stored at 4° C for three weeks. Each sample was vortexed thoroughly and
diluted with phosphate-buffered saline (PBS dilution factor = 5) for flow cytometry. Cell counts
were performed on a MACS Quant Analyzer 10 flow cytometer using the PerCP Vio 700A and
PE-A channels following the gating previously established in Chapter 2. Symbiodiniaceae

cultures were used to confirm accurate gating and optimal sample dilution. The MACS Quant
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Analyzer provided counts in cells mL™, which were multiplied by the dilution factor, fixative
dilution, total sample volume, and normalized to surface area to give symbiont densities (cells

cm).

Algal Protein

Algal protein concentration was determined using the Bradford protein assay
standardized against bovine serum albumen (Bradford 1976). An aliquot of resuspend pellet (1
mL) was bead beaten at 4000 rpm for 45 s in three, 15 s intervals with 0.5 mL of Zirconia/Silica
beads (0.5 mm, Catalog# 11079105z, BioSpec Products, Inc.). Between intervals, samples were
chilled on ice to prevent protein degradation. Microscopic examination was performed on four
samples to verify complete cell rupture. Absorbance at 595 nm was measured on a FLUOstar
Optima plate reader (BMG Labtech) to estimate protein concentration as determined by the
standard curve. Algal protein was normalized to surface area (ug cm2) and symbiont cell

number (ng prot cell?).

Chlorophyll Concentration

The remaining slurry was spun down at 5,000 x g, the supernatant was discarded, and the
pellet was resuspended in a known volume of 90% acetone. The algal cells were sonicated in an
ice bath, sealed, and extracted at -20° C for 24 h. Samples were centrifuged at 5000 x g for at
least 1 min and the extract absorbance was measured. Absorbance spectra were corrected for the
absorbance of 90% acetone and any residual turbidity by subtracting the difference in mean

absorbance between 715 to 725 nm from absorbance at every wavelength from 400 to 725 nm.
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Chlorophyll (Chl) a and c2 concentrations were calculated using the spectrophotometric
equations for Cnidarian dinoflagellates (Jeffrey and Haxo 1968). Chl a and c2 values were
normalized to acetone volume (mL) and surface area (cm?), then summed to give total Chl (ug

cm?). Total Chl was also normalized to cell number (pg Chl cell ).

Analyses

Thermal stress (i.e., degrees heating days, DHD) > 1° C above 26.8° C, the local mean
monthly maximum temperature for April and May 2017, was calculated for each individual coral
(NOAA Coral Reef Watch 2017b). Response variables greater than three standard deviations
from the mean were identified as outliers and removed from remaining analyses. A correlation
analysis was performed on all response variables and DHD to identify the strength of the linear
relationships between all response variables and thermal stress. Response variables from each
treatment in the bleaching exposure and priming experiments were tested for normality (normal
quantile plots) and equal variances (Levene’s test). One-way ANOVAs or Kruskal Wallis tests
were conducted to identify significant differences (o = 0.05) among treatments within each
timepoint. The Dunnett’s multiple comparisons test compares each treatment to the control
(Dunnett 1955). Thus, to identify possible costs associated with priming and see whether they
persisted after the recovery period, Dunnett’s tests were conducted on significantly different
response variables after priming (timepoint 1, Figure 34, 3b) and recovery (timepoint 2, Figure
34, 3d), respectively. The Dunn’s multiple comparisons test compares all treatments following a
non-parametric Kruskal Wallis test using rank sums (Dunn 1964). To determine whether
priming conferred any benefit in the standardized bleaching exposure, Dunn’s multiple

comparisons tests were performed on significantly different response variables after the
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bleaching exposure (timepoint 3, Figure 34, 3f). P-values were adjusted for familywise errors
using Benjamini-Hochberg corrections. Median differences between treatments were calculated
for response variables that were significantly different at all three timepoints. Median treatment
differences in symbiont density (expressed as % loss) were calculated at each timepoint, to
estimate the cost of priming immediately after the priming exposure (timepoint 1), after the
eight-day recovery period (timepoint 2) and after the bleaching exposure (timepoint 3). Net
losses in the bleaching exposure were calculated as the sum of the loss (difference relative to the
control) and gain (difference relative to the naive treatment). Degrees heating days (DHD) of the
bleaching exposures from the standardized bleaching experiment and priming experiment were
calculated. An unpaired t-test was conducted to compare thermal stress doses in the standardized

bleaching exposures without and with priming.

RESULTS

All heat treatments in the preliminary standardized bleaching exposure resulted in
significant reductions in symbiont density; thus, 32.5° C was used for the bleaching exposure in
the priming experiment (Figure 35, Table 13). The same three samples of chlorophyll cell"* and
protein cell! in the priming experiment were identified as outliers, owing to low numbers of cells
relative to total chlorophyll and algal protein, respectively, and thus removed from remaining
analyses.

There were significant negative correlations between DHD and symbiont density, Chl,
total protein and a positive correlation with Fv/Fw, indicating all response variables decreased
with increasing thermal stress (Table 14). All performance metrics were significantly correlated

with DHD except protein cell* (Table 14a, b). In addition, all response variables were
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Figure 35. Median symbiont density in four treatments (control, low, medium and high thermal
stress) in the standardized bleaching exposure experiment without priming. Error bars represent
the range. Asterisks represent a significant difference from the control.
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Table 13. (a) Kruskal Wallis test results from the standardized bleaching exposure experiment
showed there was a significant effect of treatment on median symbiont density. The chi-squared
statistic (y?), degrees of freedom (df) and p-value (p) are given. (b) A Dunnett’s test of multiple
comparisons between median symbiont densities in each heated treatment with the control.
Estimated differences, lower and upper confidence intervals (CI) and p-values (p) are given.

a. )

Source X df p
Treatment ‘ 23.801 3 2.74E-05
b. Comparison Difference  Lower CI  Upper CI D
low - control -3858066  -5534369 -2181762 8.4E-06
medium - control -5314102  -6990405 -3637799 9.9E-09
high - control -4907332  -6635225 -3179438 3.7E-07

Table 14. (a) The correlation coefficients (r) £ SD of each response variable with all other
response variables and cumulative thermal stress, DHD. Correlations greater than 0.15 were
significant at p < 0.05 and are bolded. (b) The p-value matrix corresponding to tests of the
strength of correlation between variables. Significant correlations (p < 0.05) are bolded.

d.
Variable Cells Chl Protein AFV/Fm Chl cell* Protein cell*
Chl 0.75+£0.07
Protein 0.31+£0.14 0.47+£0.13
AFV/IFm -0.28+£0.13 -0.03x0.15 0.31+0.14
Chl cell* -0.16 £0.14 0.15+0.15 -047+1.05 -0.20+0.14
Proteincell* | -0.56+0.10 -0.28 +0.13 0.45+0.13 052+0.12 -0.29+0.13
DHD -0.24+£0.14 -018+0.14 -0.31+£0.13 0.20 £ 0.15 0.35£0.14 -0.10+0.15
b. p-value Cells Chl Protein  AFV/Fm  Chlcell!  Protein cell*
Chli <0.001
Protein <0.001 <0.001
AFV/IFm <0.001 0.72 <0.001
Chl cell? 0.03 0.05 <0.001 0.01
Protein cell' | <0.001 <0.001  <0.001 <0.001 <0.001
DHD <0.001 0.02 <0.001 0.01 <0.001 0.19
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significantly correlated with symbiont density, though not strongly (0.15 > r > 0.75).
Specifically, total Chl (r = 0.75, Table 17) and protein (r = 0.31) were both positively correlated
with symbiont density, while Chl cell%, protein cell*, and Fv/Fm were negatively correlated. All
response variables were strongly correlated with symbiont density, and symbiont density showed
the strongest correlation with DHD, indicating changes in symbiont density were the primary
driver of the other response variables.

Response variables did not meet assumptions required for parametric analyses, thus, non-
parametric Kruskal Wallis tests were used to identify significant differences among treatments at
each timepoint. After priming (timepoint 1), significant differences in all response variables
were identified except Fv/Fm (Table 15a, Figure 36). However, only symbiont density in the HH
treatment and total Chl in the HL and HH treatments were significantly lower than the control
(Table 15b, c; Figure 36). Algal protein in the naive and LL treatments were significantly lower
than the control (Table 15c, Figure 36). Priming appeared to reduce symbiont densities in
proportion to the dose of thermal stress (Figure 36), indicating cell loss was dose dependent, as
in Chapter 3. Though treatment differences after priming were not significant except for in the
HH treatment, Chl cell* did not differ across treatments after priming.

After the eight-day recovery period, the symbiont density remained significantly lower in
the HH treatment compared to the control (Table 16, b, Figure 37). Three nubbins in the HH
treatment appeared visibly bleached by the end of the recovery period, causing high variance in
HH treatment symbiont density, total Chl and Fv/Fw, despite the lack of a significant difference
in median values of total Chl and Fv/Fm between the HH treatment and the control. This was not

evident in algal protein, Chl cell’* or prot cell’t. No other response variables were significantly



104

Table 15. (a) Results from the Kruskal Wallis test of each response variables between treatments
after the priming exposure (timepoint 1), with the chi-squared statistics (y?), degrees of freedom
(df) and p-values (p). (b-f) Dunnett’s multiple comparisons of each response variable testing for
significant differences from the control treatment. The differences, lower and upper confidence
intervals (Cl) and p-values (p) are provided. Significant differences are bolded.

a.

Response Variable x° df
symbiont density 20.195 5 0.001
Chl 15.650 5 0.008
Protein 13.850 5 0.017
Fv/Fm 9.866 5 0.079
Chl cell! 13.195 5 0.022
protein cell! 18.052 5 0.003
Symbiont density  Difference  Lower CI ~ Upper ClI p
Naive - Control -98202  -725019 528616 0.993
LL - Control -119727  -746545 507090 0.983
LH - Control -480900 -1107717 145918 0.183
HL - Control -536109 -1162927 90709 0.116
HH - Control -1364790 -1991608  -737973 3.80E-06
Chl Difference  Lower CI  Upper CI p
Naive - Control 0.05 -0.38 0.49 0.998
LL - Control 0.02 -0.41 0.46 1.000
LH - Control -0.07 -0.51 0.36 0.990
HL - Control -0.49 -0.93 -0.06 0.021
HH - Control -0.56 -1.00 -0.13 0.007
Protein Difference  Lower CI  Upper CI p
Naive - Control -0.14 -0.25 -0.02 0.015
LL - Control -0.15 -0.26 -0.03 0.008
LH - Control -0.11 -0.23 0.00 0.053
HL - Control -0.07 -0.19 0.04 0.371
HH - Control -0.06 -0.18 0.05 0.451




Table 15. continued

e.

Chl cell?

Difference  Lower CI  Upper CI p
Naive - Control 0.33 -0.72 1.38 0.879
LL - Control 0.30 -0.75 1.35 0.915
LH - Control 0.65 -0.40 1.71 0.359
HL - Control -0.62 -1.68 0.43 0.404
HH - Control 0.87 -0.19 1.92 0.139

Protein cell? Difference  Lower CI  Upper CI p
Naive - Control -0.04 -0.10 0.02 0.214
LL - Control -0.04 -0.10 0.01 0.179
LH - Control -0.02 -0.08 0.03 0.728
HL - Control -0.01 -0.07 0.05 0.997
HH - Control 0.05 -0.01 0.11 0.105

105

Table 16. (a) Results from the Kruskal Wallis test of each response variables between treatments
after the eight-day recovery period (timepoint 2) with the chi-squared statistics (x?), degrees of
freedom (df) and p-values (p). (b) Dunnett’s multiple comparisons of symbiont density testing

for significant differences from the control treatment. Estimated differences, lower and upper
confidence intervals (CI) and p-values (p) are provided. Significant differences are bolded.

a.

Response Variable x? df p

symbiont density 12.048 5 0.034

Chl 7.522 5 0.185

protein 6.260 5 0.282

Fv/Fm 9.841 5 0.080

Chl cell! 10.725 5 0.057

Protein cell! 1.023 5 0.961

Symbiont density Difference  Lower CI  Upper CI p

Naive - Control -239628 -1429218 949963 0.978
LL - Control -437987 -1627578 751604 0.798
LH - Control -2742 -1192333 1186848 1.000
HL - Control -758888 -1948478 430703 0.334
HH - Control -1869301  -3058891 -679710 0.001
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Table 17. (a) Results from the Kruskal Wallis test of each response variables between treatments
after the bleaching exposure (timepoint 3) in the priming experiment. The chi-squared statistics

(x?), degrees of freedom (df) and p-values (p) are given. (b) Dunn’s multiple comparisons of

symbiont density with bleaching. Z statistics (Z) and adjusted p-values (adj. p) are given. Only
comparisons to the control and naive treatments are reported. Significant differences are bolded.

2

a. Response Variable X df p
symbiont density 13.697 5 0.018
Chl 10.810 5 0.055
protein 7.240 5 0.203
Fv/Fm 9.269 5 0.099
Chl cell* 6.876 5 0.230
Protein cell? 10.893 5 0.054
b. Symbiont density Z adj. p
Control - Naive 2911 0.027
Control - LL 2.393 0.063
Control - LH 2.536 0.056
Control - HL 1.822 0.206
Control - HH 3.304 0.014
Naive - LL -0.518 0.756
Naive - LH -0.375 0.758
Naive - HL -1.089 0.591
Naive - HH 0.393 0.801
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different across treatments after recovery, suggesting nubbins in all but the HH treatment had
recovered and no priming associated costs persisted after eight days.

Because the goal was to determine whether priming conferred any benefit to corals in a
bleaching exposure, post hoc analyses were focused on the effect of treatment in the bleaching
exposure (i.e., timepoint 3, Table 17, Figure 38). The standardized bleaching exposure
(timepoint 3) significantly reduced symbiont density in the naive and HH treatments relative to
the control treatment (Table 17, b, Figure 38). However, no other response variables showed
significant differences across treatments, including differences between either the control or
naive treatments compared to the LL, LH and HL primed treatments. Four HH treatment
nubbins were completely bleached by the end of the priming experiment, leading to reductions in
every response variable, though not significant.

Symbiont density was the only response variable with significant differences at all three
timepoints (Figures 28-30), thus median treatment differences (% loss) are reported (Table 18).
The bleaching exposure caused a 45 % reduction in symbiont density in the naive treatment (i.e.,
the positive bleaching control). Symbiont density was reduced by 44 % in the HH treatment
nubbins after priming and after 8 days, symbiont density remained significantly low, confirming
the dose of thermal stress in the HH treatment was too hot. However, the other priming
treatments did not show a significant reduction in cells with priming or recovery (Table 15, 16,

18, Figures 36, 37).
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Table 18. Change (%) in median symbiont density from each treatment relative to the control
were calculated to represent the immediate (After Priming) and sustained (After Recovery) costs
of the priming exposure and the bleaching exposure (After Bleaching). Priming benefits were
calculated as the difference in median symbiont density of each treatment relative to the naive
treatment (Benefit, %).

After Priming  After Recovery After Bleaching
Treatment Change (%) Change (%) Change (%) Benefit (%) ‘
N -4 -8 -45 --
LL -6 -15 -24 39
LH -11 -9 -27 32
HL -15 -22 -17 51
HH -44 -73 -52 -13
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Figure 39. Symbiont density over the course of the priming experiment. Points are median
symbiont densities in each treatment, error bars are the treatment range; the position of
treatments have been spread out to reveal overlapping error bars.
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Table 19. Unpaired t-test results comparing the mean thermal stress doses (DHD) in the standard
bleaching exposures without and with previous priming.

Source d.f. Mean Diff. Std. Error Diff. T p
DHD | 6 -0.32+0.28 0.12 2.80 0.03

DHD values in the standardized bleaching exposures without and with priming were
compared. The primed corals were exposed to a bleaching exposure that was 0.32 DHD greater
than corals from the preliminary standardized bleaching exposure (Table 19). Despite receiving
greater bleaching stress, the primed corals bleached less (excluding the HH treatment, Figures
39, 40). Taken with the observed, but insignificant benefit (Figure 39), this suggests primed

corals may have acquired some bleaching resistance (Figures 39, 40).

DiscussiON

Following a model of stress memory (Hilker et al. 2015) this study invoked a series of priming
exposures to explore possible benefits to corals in a subsequent bleaching exposure. Primed
corals did not bleach significantly less than the naive, unprimed corals in the priming
experiment, nor were they significantly different from the control corals, likely due to the
variance introduced by including multiple coral genets that represented a range of coral
resiliency (Goergen and Gilliam 2018).

There was an exposure-driven pattern in the LL, LH and HL treatments, wherein the



113

priming recovery period bleaching

< > ¢ P G
— 4.0
] initial sustained bleaching
= cost cost costs
3] 35
%)
= ® control
3 . ® nai
(5 3.0 — prlmed naive
'
-B' LL
A 25 LH
5 ® HL
2 L, _ e HH
= - = not primed
=
=)
-
-E 1.5
e
\ 1.0

0 2 4 6 8 10 12

Time (days)

Figure 40. A cartoon of the difference in symbiont density over time, showing the initial costs
for priming (white arrow), the sustained costs that were evident in some treatments, but not all
(green arrows, sustained), and the reduction in symbiont densities with bleaching (bleaching
Costs).

greater the priming dose, the smaller the reduction in median symbiont density immediately after
priming, though this trend did not follow after the eight-day recovery period, or in the bleaching
exposure. Lower priming doses LL and LH lost more cells during bleaching, but fewer cells
during priming, in relation to the controls. The greatest priming treatment, HH, lost a significant
number of cells on par with the bleaching exposure of naive corals, thus that treatment received
too great a dose of thermal stress to enable recovery. Previous studies that have demonstrated
evidence of reduced bleaching have either not detected it with pulsed thermal exposure (wherein
corals were stressed and then allowed to recover for some time period; Middlebrook et al. 2008,

Bellantuono et al. 2012), or were enacted over greater timescales (Hawkins and Warner, 2017).
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Perhaps the priming exposures were too rapid, or the recovery period too long to detect any
significant benefits in symbiont density.

Excluding the HH treatment, which was too hot, the primed corals in this study lost
between 17 and 27 % cells, ~50% fewer cells on average after the recovery period than the corals
from the standardized bleaching experiment without priming (62 to 86 % loss in symbiont
density) , despite significantly greater thermal stress doses in the priming experiment. This
supports multiple previous findings that repeated thermal stress influences bleaching outcomes
and may reduce bleaching severity (Castillo and Helmuth 2005, Middlebrook et al. 2008,
Thompson and van Woesik 2009, Donner 2011, Kenkel et al. 2012). Primed corals bleached less
than unprimed corals in the priming experiment, suggesting a notable albeit insignificant benefit
from priming. It is possible the putative stress memory elicited by the priming doses in this
study lasted fewer than eight days, suggesting stress memory may act on daily (< 1 week)
timescales (National Academy of Science, 2018, but see Brown et al. 2002a, 2014). Itis
important to note even primed corals bleached. While priming did not significantly reduce
bleaching in the priming experiment, there were greater retention levels of symbionts despite a
significantly greater dose of thermal stress in the standardized bleaching exposure.

The correlation of response variables with DHD and reduction of symbiont density with
priming further support that, as in Chapters 2 and 3, coral bleaching is strongly dose dependent.
Few studies put bleaching results in the context of dose, despite the obvious dose dependence of
coral bleaching. Inaddition, the priming doses (2 to 9 DHD) used in this study were more
gradual but greater than those experienced by backreef corals within a tidal cycle on a single day

(0.36 to 1.8 DHD, Chapter 2). Hence, there is very likely some dependence on the rate of
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heating as well that has gone largely untested. The dose and rate dependent nature of coral
bleaching warrant further exploration to better understand what modulates natural bleaching.

The priming period reduced symbiont densities in proportion to the dose of thermal
stress, thus, perhaps repeated thermal stress, and not priming sensu stricto, was responsible for
reduced bleaching in the subsequent bleaching exposure. All treatments except the HH treatment
appeared to recover fully after priming. However, bleaching recovery was not examined in this
study; therefore, it is possible the reduction of symbiont densities from thermal stress doses
during the priming period may have compromised metabolic balance and depleted lipid stores
that would enable recovery after bleaching exposure (Grottoli et al. 2006, 2014). The priming
mechanism alone may not confer bleaching resistance or any immediate acclimatory benefit in
the exposed A. cervicornis individuals, and therefore may not be an appropriate technique to
harden corals of the current generation. However, evidence has shown hardening in some coral
species leave heritable epigenetic marks that confer benefits to subsequent generations (Putnam
and Gates 2015, Liew et al. 2018) through post-translational modifications such as histone
modifications and the methylation, phosphorylation, and ubiquitination of DNA, thus there may
be some benefit in the long term (Eirin-Lopez and Putnam 2019). At present, large scale
selective breeding efforts are underway that aim to capitalize on sexual crosses of resilient and/or
resistant parents (e.g., SECORE International, van Oppen et al. 2015). Whether thermal
hardening of parent colonies may benefit the success of such programs remains to be tested.

A broad range of resiliencies were selected a priori with the intent to capture the natural
variability of bleaching resistance within the nursery population. This variation made it difficult
to distinguish symbiont density losses that were significantly different from both the naive and

control treatments. In addition, perhaps bleaching is not the best phenotype to quantify stress
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memory in corals. Bleaching is a coarse metric prone to error of estimation (due to sample
processing) and representative of dysbiosis. Perhaps a metric that is indicative of symbiosis,

such as the ratio of gross photosynthesis to holobiont respiration, would be more appropriate.
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CONCLUSIONS

Corals are thermal specialists that live within a narrow margin of their thermal maxima,
making them particularly sensitive to temperature. Yet, subtle differences in thermal
performance and tolerance exist between members of the same species in different locations,
populations, and individuals. The importance of corals to reef structure and function makes
understanding what drives thermal acclimation and survival necessary in order to establish
conservation protocols.

For the first objective, | sought to capture acclimatization signatures by comparing
multiple bleaching resistance parameters in two massive coral species before and after a seven-
month incubation period in three microhabitats with distinct levels of thermal variability. This
study found no changes in symbiont community composition, thus removing any influence from
the algal partner to bleaching resistance in this case. Colonies were sourced from a single,
moderately variable site to control for the influential effect of origin and genotype previously
found in one of the two study species (Barshis et al. 2018). Contrary to previous findings,
wherein Porites lobata grew significantly faster in the most variable site compared to the lowest
variability site, reduced growth rates and apparent poor health (Chapter 2, Figure 12, page 50)
were found without evidence of acclimatization in the most thermally stressful site for both
species examined (Chapter 2, Figures 11, 12, pp. 49-50). These results do not support the
‘beneficial acclimation hypothesis’ (Leroi et al. 1994). Rather, my results indicated thermal
variability was deleterious to these species. It is possible the timescales required to see a notable
increase in bleaching resistance for these species are longer than the incubation period; host cell

turnover rates in faster growing branching species occur on daily to weekly timescales



118

(Gladfelter 1983), and in hospite algal cells are controlled by the host and arrested in S phase
(Davy et al. 2012), thus occur on monthly scales, so growth rates presented in the study were
shorter than cell doubling times. It is also possible thermal stress levels at all sites were too low
to invoke acclimatization for corals at any site and the myriad other physical parameters between
sites, such as flow, contributed to growth differences in P. lobata.

Bleaching resistance experiments, especially those involving heat shock (Palumbi et al.
2014), may not be the most appropriate means to assess thermal performance or tolerance.
Bleaching resistance compares individuals or groups of individuals at a single point in time. The
bleaching exposures used in bleaching resistant experiments were greater than the sum of
cumulative thermal stress of any site in the previous 12 weeks, and greater than what was likely
necessary to evoke bleaching. An ecologically relevant exposure (e.g., Barshis et al. 2018) along
with finer-scale physiological measurements, such as those employed in Chapter 3, rather than
solely crude bleaching metrics, provide the necessary detail to assess the physiology. For corals,
thermal performance (i.e., measures of holobiont respiration and photosynthesis) are a better
approach, because the metabolic budget is tied to all major partners in respiration and the algae
in photosynthesis, so temperatures or thermal stress doses that elicit deficits in holobiont
metabolism can be determined.

For my second objective, the role of exposure in mitigating thermal stress was
investigated in the absence of acclimation. Thermal performance most certainly benefitted from
gradual warming, as evidenced by the reduced sensitivity to temperature stress, especially at high
doses, particularly for holobiont respiration (Chapter 3, Figures 27-30, pp. 89-93). However,
gross photosynthesis was unable to keep pace at higher doses of thermal stress, indicating

perhaps that the holobiont metabolic budget was hampered by carbon dioxide limitation of
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photosynthesis at high doses of thermal stress (Chapter 3, Figure 31, pg. 94). There is a heavy
reliance of most hermatypic scleractinians (Muscatine et al. 1981) on their algal partners to meet
their metabolic demands. This implies that, despite the apparent benefit gradual warming can
provide to animals, the holobiont is limited by the very symbiosis that enables its existence in
oligotrophic environments (Stanley and van de Schootbrugge 2009). Thus, I contend that even
rapid acclimation to warmer temperatures is unlikely to outpace the effects of rates of warming
predicted in the coming decades on obligate holobiont symbioses (Torda et al. 2017).

The third objective was to determine whether corals could acquire bleaching resistance
using a stress memory model (Hilker et al. 2015). There were no significant differences in
bleaching resistance conferred by priming, thus stress memory of 8 days was not sufficient to
reduce bleaching sensu stricto (Chapter 4, Figure 38, pg. 123). However, there was a measurable
benefit to repeated thermal stress (Chapter 4, Figure 39, Table 18, pg. 125), wherein primed
corals bleached less in a standardized bleaching experiment, giving the appearance of acquired
thermal tolerance with repeated thermal stress (Middlebrook et al. 2008, Thompson and van
Woesik 2009, Bellantuono et al. 2012b). First, it is important to acknowledge this reduced
bleaching came at an upfront cost with priming (Hilker et al. 2015). Second, it is possible a
significant benefit would have been seen with a shorter recovery time, however, this suggests the
stress memory response is ephemeral. Regardless, the thermal stress doses applied in this study
did not make corals significantly bleaching resistant. There is still utility in investigating the
heritability of stress memory on corals, through epigenetic marks that confer thermal tolerance to
offspring of subsequent generations (Putnam and Gates 2015, van Oppen et al. 2015, Eirin-

Lopez and Putnam 2019).



120

Gradual warming and temperature variation are known to mitigate the effects of thermal
stress in many organisms (Angilletta 2009). Indeed, the literature has a great deal of evidence
for the benefits of thermal variability on corals by a variety of complex mechanisms (Brown et
al. 2002b, Bellantuono et al. 2012a, b, Safaie et al. 2018, DeCarlo et al. 2019, Hughes et al.
2019, Middlebrook et al. 2008, Barshis et al. 2013, Bay and Palumbi 2015, Hawkins and Warner
2017, Oakley et al. 2017) and the current theory offers promise for coral survival in the coming
decades.

However, the findings of this dissertation and other studies tell a different story. There
may be deleterious tradeoffs for thermal tolerance (Baird and Marshall 2002, Grottoli et al. 2014,
Camp et al. 2016, Gibbin et al. 2018). In some cases, variability appears to reduce thermal
tolerance (Putnam and Edmunds 2011, Camp et al. 2016). Chapter 2 of this study found no
benefit in a more variable habitat, but an apparent reduction in growth and health. Thermal
variability, in this case, was deleterious. While gradual warming enabled physiological
adjustment to a point (Chapter 3), adjustments were limited by the reliance on symbiosis that has
allowed corals to persist for millions of years. Pre-exposure may reduce bleaching severity
(Chapter 4), but it appears to be strongly dependent on dose and timing, and the benefits are
short-lived. It seems unlikely most corals will encounter the required scenarios to acquire
thermal tolerance in the wild through stress memory. In conclusion, thermal acclimation alone is

insufficient to save corals in the Anthropocene.
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